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Glia are essential for brain functioning during development and in the adult
brain. Here, we discuss the various roles of both microglia and astrocytes, and
their interactions during brain development. Although both cells are fundamentally
different in origin and function, they often affect the same developmental processes
such as neuro-/gliogenesis, angiogenesis, axonal outgrowth, synaptogenesis and
synaptic pruning. Due to their important instructive roles in these processes,
dysfunction of microglia or astrocytes during brain development could contribute to
neurodevelopmental disorders and potentially even late-onset neuropathology. A better
understanding of the origin, differentiation process and developmental functions of
microglia and astrocytes will help to fully appreciate their role both in the developing
as well as in the adult brain, in health and disease.
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INTRODUCTION
For a long time, the study of brain development has largely focused on neuronal development.
However, neurons develop closely together in time with neuroglia, suggesting important
interactions and a functional role for glia cells in brain development. Glia are further highly
conserved throughout evolution and are, except for the cerebellum, the most abundant cell type
in almost all subregions of the mammalian brain, suggesting an important role for these cells
(Pfrieger and Barres, 1995). Studies experimentally quantifying glial cell numbers in mammalian
brains have shown that in general, at least 50% of all cells in the human brain are glia, with
considerable differences between studies and between different brain areas and a ratio that may
change with age (Pelvig et al., 2008; Azevedo et al., 2009; Herculano-Houzel, 2009; Lyck et al.,
2009). For example, the glia to neuron ratio of the cerebral cortex is approximately 3.76 and
for the cerebellum 0.23 (Azevedo et al., 2009). Although in many textbooks and articles it is
mentioned that the human brain contains a significant higher percentage of glial cells than
primate and rodent brains (Pfrieger and Barres, 1995; Kandel et al., 2000; Nishiyama et al.,
2005), this view seems to be rectified now. Herculano-Houzel et al. (2006, 2013) show that in
humans, primates and rodents, glia numbers are estimated to amount to 50% of all brain cells.
Although the cellular composition of the brain seems to be conserved between rodents, primates
and humans, the translational relevance of studies on rodent glia should always be treated with care.
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Due to the clear definition of the basic principles and
properties of a neuron, i.e., a cell with the ability to transmit
electrical signals in the form of action potentials, it is quite easy
to classify related cells that do not fulfill these criteria as glia.
The first description dates from Virchow (1858), who described
glia as passive neural elements and the ‘‘connective tissue’’ or
‘‘glue’’ of the brain. While this definition was commonly used for
a long time, it is now well accepted that glial functions are far
more complex than initially described. Glia are in fact actively
involved in many aspects of the nervous system such as the
formation, plasticity and maintenance of neural circuits, and are
needed for neuronal survival and function (Allen and Barres,
2009).
Glia can be classified as different subsets, based on their
morphology, function and location in the nervous system
(Zhang, 2001). The two main glial subsets in the CNS
are macroglia, including astrocytes and oligodendrocytes, and
microglia. Macroglia are derived from the neural lineage
and are produced after the initial neuronal birth wave. The
origin of microglia used to be somewhat controversial, but
now most evidence supports a ‘‘yolk-sac’’ macrophage-based
source, from where they colonize the brain during prenatal
development (Figure 1). While macroglia are commonly
considered tissue-supporting cells, and microglia are considered
the ‘‘immune cells of the brain’’, more regulatory functions
of these cells are emerging, as will be discussed below. In
addition to macro- and microglia, neural stem cells can express
glial markers and are often defined as glial subtypes that
potentially perform distinct functions. In this review article, we
focus on recent insights into the differential roles of microglia
and astrocytes, particularly during early development of the
brain.
Depending on the quantification method, microglia make up
approximately 5–15% out of all cells in the human brain (Pelvig
et al., 2008; Lyck et al., 2009). Initially, microglia were seen
as ‘‘resting’’, resident immune cells that only become activated,
and start to phagocytose and secrete chemokines and cytokines,
in response to pathological triggers. Generally, microglia were
viewed as cells that help protect the brain against damage and
infection (Gehrmann et al., 1995; Kreutzberg, 1996).
Recent evidence shows that microglia are highly dynamic
cells. Under both physiological and pathological conditions, they
scan their environment and regulate tissue homeostasis through
scavenging functions (Davalos et al., 2005; Nimmerjahn
et al., 2005; Raivich, 2005; Joly et al., 2009; Ransohoff
and Brown, 2012). Apart from their well-known immune
functions, microglia can influence synaptic transmission
and synaptogenesis (Li et al., 2012; Pascual et al., 2012;
Béchade et al., 2013) and can contribute to the maturation
of neural circuits (Paolicelli et al., 2011; Cunningham et al.,
2013; Kettenmann et al., 2013). Microglia are even thought
to be able to sense and respond to local neural activity,
due to their expression of most known neuro-transmitter
receptors (Kettenmann et al., 2011) and their capacity
to secrete neuroactive molecules (Lucin and Wyss-Coray,
2009).
In terms of terminology, it is important to keep in mind that
the term ‘‘activated microglia’’ has been reconsidered. It is now
believed that a change in activation state should be considered
more a change in the functional phenotype, depending on
the stimulus, than an activation or awakening (Hanisch and
Kettenmann, 2007; Ransohoff and Perry, 2009).
Astrocytes are ‘‘star-shaped’’ cells that were first described
in 1891 (Lenhossek, 1891), and represent the most abundant
cell type in most parts of the brain (Nedergaard et al., 2003).
In the 1990s they were recognized as active elements in the
brain that can sense, integrate and respond to synaptic activity
and can thereby contribute to brain homeostasis and neuronal
FIGURE 1 | Timeline of microglia invasion, gliogenesis and several developmental processes in the developing mouse brain. Rectangles indicate the
estimated periods during/from which microglia, astrocytes and oligodendrocytes remain present in the brain. Triangles indicate the onset and peaks of the indicated
developmental processes. Abbreviations: E, embryonic; P, postnatal; PCD, programmed cell death.
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function (Cornell-Bell et al., 1990; Porter and McCarthy, 1996;
Kimelberg, 2004; Sofroniew and Vinters, 2010). Astrocytes
share a common origin with neurons and oligodendrocytes,
i.e., precursor cells derived from neuroepithelial cells, and are
produced concurrently with the final stages of neurogenesis
(Skoff, 1990; Figure 1). Once born, developing astrocytes
differentiate into mature cells, as characterized by changes in
morphology, connectivity and electrophysiological properties
(Yang et al., 2013). Together with the pre- and postsynaptic
parts of two neuronal synapses, astrocytes can form a so-called
‘‘tripartite’’ synapse, that helps maintain brain homeostasis and
modulate synaptic transmission via the release of gliotransmitters
such as glutamate, D-serine, and ATP (Dani et al., 1992;
Araque et al., 1999; Newman, 2003; Kozlov et al., 2006; Wang
et al., 2006; Halassa et al., 2007). Importantly, the increased
cytosolic Ca2+ concentrations, e.g., as a response to neuronal
activity, can activate other astrocytes and leads to a wave
of calcium ions in the astrocytic network (Giaume et al.,
1991).
Apart from communication via release of gliotransmitters,
astrocytes also supply neurons with the substrates for
neurotransmitters to enhance neural activity, communicate
with neurons through neurotransmitter uptake and release and
terminate the action of neurotransmitters by assisting in their
recycling from the synaptic cleft (Pfrieger and Barres, 1997;
Ullian et al., 2001).
MICROGLIA—THE FIRST GLIAL CELLS TO
ENTER THE BRAIN
Microglia are the first glial cells observed in the brain, and
develop side by side with neurons during the critical period of
early embryonic brain development (Pont-Lezica et al., 2011).
We therefore first discuss microglial cell origin, invasion and
distribution throughout the embryonic mouse brain, unless
otherwise stated.
The Origin of Microglia
Despite intensive research on microglia, their origin has
been a matter of debate (Cuadros and Navascués, 1998;
Kaur et al., 2001; Streit, 2001; Rezaie and Male, 2002; Chan
et al., 2007; Ginhoux et al., 2013; Tremblay et al., 2015).
The cells were first described in the work of Nissl (1899),
Robertson (1899) and Ramon and Cajal (1909) as ‘‘reactive
glial elements’’, ‘‘mesoglia’’ and ‘‘the third neural element’’,
respectively. And even though Robertson’s hypothesis ended
up to be true, it was later proved that the ‘‘mesoglia’’ he
described were actually oligodendrocytes (Gill and Binder,
2007). The name ‘‘Microglia’’ was coined by Del Rio-Hortega
(1919, 1932), who described the cells as non-neuronal elements
that were distinct from the neuroectodermal macroglia—the
oligodendroglia and astroglia. Later work hypothesized that
microglia originated from the subependyma adjacent to the
lateral ventricles (Lewis, 1968), from blood vessel-associated
pericytes (Mori and Leblond, 1969; Barón and Gallego, 1972)
or from yolk-sac macrophages (Alliot et al., 1999). However,
none of these options were sufficiently verified through
experimentation and thus not generally accepted. It was
also considered that microglia, like peripheral tissue-resident
mononuclear phagocytes, were derived from bone marrow
(BM) derived circulating blood monocytes. When it was noted
that the first microglia enter the brain mainly prenatally,
i.e., before the establishment of a robust brain vasculature,
it was proposed that they derive from a specific subset of
mesodermal progenitors independent of the monocyte lineage
but the exact progenitor was not yet defined (Chan et al.,
2007).
This issue appears to have been solved now because
evidence is accumulating that opposes the monocytic theory
and rather supports the yolk-sac theory. This theory, first
proposed in 1999 (Alliot et al., 1999) and recently reviewed and
experimentally confirmed (Ginhoux et al., 2010; Schulz et al.,
2012; Kierdorf et al., 2013), proposes that microglia are derived
from yolk-sac primitive myeloid progenitor cells. Yolk-sac
derived macrophages invade the brain at early embryonic stages
and eventually account for the vast majority of microglia in the
adult. This has now been demonstrated in zebrafish (Herbomel
et al., 2001), birds (Cuadros et al., 1993), rodents (Ashwell et al.,
1989; Sorokin et al., 1992; Santos et al., 2008; Rigato et al., 2011;
Swinnen et al., 2013) and humans (Rezaie et al., 1999; Rezaie,
2003; Monier et al., 2007; Verney et al., 2010). Whether at later
time points, microglia of different origin also invade the brain
parenchyma, remains subject of debate.
Microglia Invasion into the Embryonic
Brain
Migration into, and colonization of, the whole mouse embryo
by yolk-sac derived macrophage precursors starts between
E8 and E10 (Ginhoux et al., 2010; Schulz et al., 2012) and
the brain is the first organ to be colonized (Sorokin et al.,
1992; Cuadros et al., 1993; Herbomel et al., 2001). In mice,
the first microglia progenitors can be detected in the brain
around embryonic age E9 (Alliot et al., 1999; Ginhoux et al.,
2010; Schulz et al., 2012), and at similar developmental stages
in other species (Sorokin et al., 1992; Cuadros et al., 1993;
Herbomel et al., 2001). Interestingly, in rodents, microglia
invade the brain and spinal cord parenchyma simultaneously
which coincides with different developmental stages in the two
areas. Namely, a period during which neurogenesis comes to
an end in the spinal cord, whereas it is only the onset of
neurogenesis in the brain (Caviness et al., 1995; Götz and Barde,
2005; Rigato et al., 2011; Swinnen et al., 2013). Therefore,
embryonic microglia may be able to exert different functions
in the brain vs. the spinal cord, e.g., microglia may influence
neuro-, glio- and angiogenesis in the brain, and could contribute
to the development of the first functional neuronal networks
in the spinal cord (Rigato et al., 2011). Here, we focus on
invasion of microglia into the brain, but will also discuss some
interesting findings on the distribution of microglia in the spinal
cord.
Microglial invasion into the CNS is believed to occur in two
waves (Chan et al., 2007; Rigato et al., 2011; Swinnen et al.,
2013; Figure 1). In mice, the first wave occurs between E8.5 and
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E14.5 during which microglia progenitors start to colonize the
brain and microglia numbers increase gradually (Alliot et al.,
1999; Rigato et al., 2011; Swinnen et al., 2013). This first gradual
increase in microglia is likely caused by a rapid proliferation
of pre-entered microglia together with the invasion of some
new microglia precursors (Monier et al., 2007; Swinnen et al.,
2013). Around E9.5, the first capillary sprouts begin to invade
the neuroepithelium (Mancuso et al., 2008; Vasudevan and
Bhide, 2008; Vasudevan et al., 2008). As at this stage there
is no vascular network yet, it has been proposed that during
the first wave of microglia invasion, microglia invade the brain
via extravascular routes (Kurz and Christ, 1998; Streit, 2001;
Chan et al., 2007; Arnold and Betsholtz, 2013). There seem
to be two routes by which embryonic microglia can enter the
brain, but this is not well established yet. They enter either
from the meninges by crossing the pial surface (PS) or from
the ventricles, where they can be found as free-floating cells
or attached to the ventricle wall, from where they are thought
to cross the ventricle wall into the brain parenchyma (Sorokin
et al., 1992; Navascués et al., 2000; Swinnen et al., 2013). In
zebrafish it has been demonstrated nicely that microglia follow
cues from apoptotic cells when they migrate into and distribute
themselves in the embryonic brain (Casano et al., 2016; Xu
et al., 2016). In rodent embryonic brains, microglia may also
be found in areas of cell death (Ashwell, 1991; Swinnen et al.,
2013), however whether apoptotic signals trigger microglia to
migrate into the brain parenchyma has not been addressed yet
in mammals.
Between E14 and E16, there is a second massive increase
in microglia number. This rapid increase of brain microglia
cannot be explained by proliferation alone, since the number
of proliferating microglia actually decreased from E14.5 on
Swinnen et al. (2013). Therefore, a new wave of microglia
progenitors, which enter the brain from the periphery, is
thought to contribute (Chan et al., 2007; Arnold and Betsholtz,
2013; Swinnen et al., 2013). Hereafter the number of microglia
continue to increase, but more slowly, until E17.5, during which
period they scatter throughout the brain (Santos et al., 2008;
Swinnen et al., 2013).
Under physiological conditions, microglia proliferate
throughout the period of embryogenesis and self-renew
constantly throughout life to maintain their cell numbers,
without a contribution from bone-marrow derived macrophages
(Ajami et al., 2007; Hashimoto et al., 2013; Elmore et al., 2014).
After specific, conditional ablation of microglia in adult mice,
via a tamoxifen (TAM)-inducible Cre-recombinase expressed
under the control of the C-X3-C motif chemokine receptor
1 (Cx3cr1) promotor (Cx3cr1CreER mice), the cells renewed
themselves locally within a week through massive proliferation,
mediated by interleukin-1 receptor (IL-1R) signaling (Bruttger
et al., 2015). Interestingly, Elmore et al. (2014) identified a
microglial progenitor cell in the adult mouse brain that is
responsible for repopulation of the brain after depletion of all
microglia using colony-stimulating factor 1 receptor (CSF1R)
inhibitors. It seems that the newly formed microglia are true
ramified microglia but a more specific characterization of
these cells is needed. Interestingly, the observed progenitor
cell was nestin positive, which raises the question how it is
possible that microglia, of myeloid lineage, could arise from
nestin positive progenitor cells, perhaps of neuroectodermal
origin. In favor of this possibility, it has been proven possible to
generate microglia in vitro from embryonic stem cells (ESCs).
This is only possible when the ESCs first differentiate into a
neuronal nestin positive stage after which neuronal growth
factors are removed and the cells differentiate into microglia
(Beutner et al., 2010). Also, microglia have been shown to be
capable of expressing nestin in culture and after brain injury
(Sahin Kaya et al., 1999; Yokoyama et al., 2004; Wohl et al.,
2011). Alternatively, both myeloid and neuroectodermal lineage
derived cells may share expression of the nestin intermediate
filament.
Thus, embryonic microglia are thought to colonize the brain
and retina before, and independent of, the establishment of
a vascular system (Santos et al., 2008; Ginhoux et al., 2010;
Rymo et al., 2011; Arnold and Betsholtz, 2013). Nevertheless,
it is possible that during later stages of brain development,
microglia enter the brain parenchyma through blood vessels.
This notion is supported by experiments on Ncx1−/− mice,
that lack a heartbeat and a functional blood circulation and
have no microglia in the brain on a time point during which
Ncx1+/+ mice do, suggesting that microglia travel through
blood vessels into the brain (Koushik et al., 2001; Ginhoux
et al., 2010). Others, however claim that these data do not
demonstrate that microglia entering the brain through blood
and microglia may use, or need, pial penetrating vessels
to migrate along into the brain parenchyma (Arnold and
Betsholtz, 2013). Nevertheless, several studies have demonstrated
that bone-marrow derived circulating macrophages can enter
the brain through blood vessels at least under inflammatory
conditions (Simard and Rivest, 2006; Jung and Schwartz, 2012).
However, it seems that infiltrating cells do not settle in the brain
or integrate in the microglial network and are most likely of no
contribution to themicroglial pool (Ajami et al., 2011; Ransohoff,
2011).
The Development and Distribution of
Embryonic Microglia
Together with microglia invasion, the patterns of colonization
and distribution of microglia in the embryonic mouse brain
have been studied well (Perry et al., 1985; Ashwell, 1991;
Sorokin et al., 1992; Swinnen et al., 2013). Between E10 and
E12, when the embryonic mouse-brain consists of mostly
neuroepithelium, the first amoeboid microglia progenitors
are observed at the PS in the meninges and within the
lateral ventricles, where they can be found throughout the
period of embryonic brain development. At these early
embryonic stages, only a few proliferative and highly motile
microglia can be detected in the neuroepithelium (Sorokin
et al., 1992; Navascués et al., 2000; Swinnen et al., 2013;
Figure 2A).
During embryonic brain development, amoeboid microglia
transform into ramified microglia and the proportion of
microglia with long processes increases with time (Swinnen et al.,
Frontiers in Human Neuroscience | www.frontiersin.org 4 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
FIGURE 2 | Schematic representation of the distribution and maturation of microglia and the beginning of astrogenesis in the mouse cerebral cortex.
(A) At early embryonic stages between E8 and E12, microglia are located at the PS in the meninges and in the lateral ventricles. Only a few highly, motile and
proliferative cells can be found in the neuroepithelium. (B) Between E14 and E16, microglia ramify further to form intermediate ramified microglia that can be found in
the VZ, SVZ, IZ, SP and MZ. At the PS and in the lateral ventricle, one can still detect amoeboid microglia. Remarkably, until E16, microglia are absent from the
cortical plate. (C) From E18 and onwards, microglia can be found in the cortical layers, after migrating from the deeper to the more superficial layers. During this
period, microglia are found in close association with radial glia, blood vessels and developing axons. Around E18 astrogenesis starts. Similar to microglia, astrocytes
are also found near radial glia, blood vessels and axons. Along the course of embryonic brain development, many microglia ramify further and transform from
intermediate ramified microglia into mature ramified microglia with long processes. Abbreviations: PS, pial surface; N, neuroepithelium; MZ, marginal zone;
CP, cortical plate; SP, subplate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone; P, parenchyma.
2013; Figure 2). It is thought that the dynamic and mobile
characteristics of microglia represent their ability to efficiently
explore their environment (Herbomel et al., 2001; Nimmerjahn
et al., 2005; Raivich, 2005; Swinnen et al., 2013). Swinnen
et al. (2013) suggested that the observed increase in length of
microglia processes over time reflects their current shape, and
not only their maturation or activation state butmay also indicate
functional changes, e.g., to subsequent stressors or inflammatory
challenges (Madore et al., 2013; Delpech et al., 2015). This is
important to keep in mind when classifying microglia according
to their phenotype.
Recently, three stages in microglia development have been
identified (Matcovitch-Natan et al., 2016). The stages are
classified as early (E10.5−E14), pre- (E14−P9) and adult
(4 weeks and onwards) microglia, during which the cells
express different sets of genes that reflect their stage related
activities in the brain. Genetic and environmental perturbations
caused changes in stage-related expression profiles and functions
of microglia. The authors hypothesize that disturbances in
the microglial environment can alter the precise timing of
the microglial developmental programs, thereby disrupting
brain development, and possibly causing neuropathology. In
favor of this hypothesis, it was shown that the timing
of prenatal infections, greatly affects its outcome on brain
development and is thought to determine the specificity of
behavioral pathology (Meyer et al., 2006a,b). Apart from
temporal differences in gene expression profiles, region-specific
differences have also been found (Doorn et al., 2015; Matcovitch-
Natan et al., 2016). Also, distinct types of microglia were
found to be present in different brain regions and have been
implicated in neuropathological disorders such as Parkinson’s
disease (Doorn et al., 2012, 2014, 2015), which could have a
developmental origin. The above described studies suggest that
together with the intrinsic properties of the microglia, local
environmental factors determine the phenotypic characteristics
and functions of microglia during embryonic development of
the brain.
Neurons and microglia communicate with each other via
ligand-receptor partnerships (Eyo and Wu, 2013). An example
of such a partnership, that plays an important role in microglial
development and activation state, is the inhibitory immune
complex between neurons and microglia via the membrane
glycoprotein Cluster of Differentiation 200 (CD200; also
known as Ox2), constitutively expressed by neurons, and
Cluster of Differentiation 200 receptor (CD200R), expressed
by microglia (Wang et al., 2007). CD200/CD200R signaling
is developmentally regulated and has been shown to keep
microglia in a quiescent state, that is, not immunologically
activated (Hoek et al., 2000; Lyons et al., 2007; Shrivastava et al.,
2012). Another example is the expression of the chemokine
C-X3-C motif ligand 1 (CX3CL1; also known as fractalkine)
by neurons and its receptor CX3CR1 by microglia. In adult
mice, CX3CL1/CX3CR1 signaling is involved in the regulation
of microglial activation. Moreover, microglial cell-autonomous
neurotoxicity was increased in CX3CR1 deficient mice (Cardona
et al., 2006). It is likely that also in the developing brain,
CX3CL1/CX3CR1 signaling is an important mechanism
in preventing microglial toxicity, but this requires further
investigation.
In order to study microglial function, phenotype and
distribution, microglial markers have been identified. Examples
are Ionized calcium Binding Adapter molecule 1 (Iba1) and
the glycoproteins Cluster of Differentiation 11b, 68 and 45
(CD11b/68/45), that are used to visualize microglia and detect
the cells in different functional activation states (see Korzhevskii
and Kirik, 2016). Usually it is difficult to distinguish between
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CNS resident microglia and infiltrating monocytes since many
microglial markers—proteins are expressed by blood-borne
monocytes. Often, CD45 is used to distinguish microglia from
monocytes, since under physiological conditions it is more highly
expressed in monocytes as compared to microglia (Jeong et al.,
2013; Ritzel et al., 2015). Also, the use of genetic mouse strains
with green fluorescent protein (GFP) coupled to microglial
specific promotors, such as CX3CR1, or BM chimeras, in
which BM-derived macrophages are labeled with GFP, can be
used to make clear distinctions between resident microglia and
blood-borne monocytes (Jung et al., 2000; Jung and Schwartz,
2012).
During the course of embryonic brain development,
microglia disperse from the neuroepithelium and are (re-)
distributed in a non-uniform manner throughout the brain
parenchyma in a dorsal-to-ventral and rostral-to-caudal gradient
(Ashwell, 1991; Sorokin et al., 1992). It has been posited
that CX3CL1/CX3CR1 signaling is somehow involved in
the regulation of microglia infiltration, distribution and/or
proliferation in the developing brain, since knockdown of
the CX3CR1 in mice resulted in transient reduced numbers
of microglia in the early postnatal hippocampus and delayed
microglial influx in the somatosensory cortex (Paolicelli et al.,
2011; Hoshiko et al., 2012). Also, neural progenitor cells
are thought to play an important role in the migration and
positioning of microglia in the prenatally developing cortex
via the secretion of C-X-C motif chemokine 12 (Cxcl12; Arnò
et al., 2014). The authors demonstrated that the migration
of microglia, expressing the Cxcl12 receptor C-X-C motif
chemokine 4 or 7 (CxcR4 or CxcR7), into the ventricular
zone (VZ) and subventricular zone (SVZ) was controlled by
Cxcl12- expressing intermediate (basal) progenitors. Other, yet
to be discovered mechanisms are likely to play a part in the
guidance of microglial distribution over the embryonic brain.
Interestingly, until approximately E16.5 microglia do not enter
the cortical plate (CP; Sorokin et al., 1992; Swinnen et al., 2013;
Squarzoni et al., 2014). Before colonization of the CP, microglia
are detected in the ventricular and intermediate zones (IZ;
Swinnen et al., 2013), regions containing the neural progenitor
cells (Figure 2B). Around E17, microglia gradually begin to
invade the CP starting with the deeper layers, during this process
they also become more ramified (Figure 2C).
In contrast to the rather equal distribution of microglia over
the adult brain, embryonic microglia are unevenly distributed
and located in at least four specific ‘‘hotspots’’ in the brain
(Perry et al., 1985; Ashwell, 1991; Cuadros et al., 1993; Verney
et al., 2010; Pont-Lezica et al., 2011; Swinnen et al., 2013;
Squarzoni et al., 2014). One hotspot is near the radial glia in
the VZ and SVZ, where the cells have been described to play
a role in the regulation of the size of the precursor cell pool
(Cunningham et al., 2013). Second, microglia are often associated
with newly forming blood vessels, where they could contribute
to angiogenesis (Cuadros et al., 1993; Dalmau et al., 1997a;
Monier et al., 2007). Third, phagocytizing microglia are found
near dying cells in the choroid plexus and in the developing
hippocampus, carrying out phagocytic activities (Ashwell, 1991;
Dalmau et al., 1998; Swinnen et al., 2013). And fourth, microglia
are found near developing axons (Cuadros et al., 1993; Ueno
et al., 2013; Squarzoni et al., 2014), and are possibly involved
in developmental axonal pruning and/or axonal growth and
guidance mechanisms.
It is important to note that sex differences in microglial
cell numbers, morphology and distribution have been reported
in the developing rat brain (Schwarz et al., 2012; Lenz
et al., 2013). Therefore, it should be kept in mind that
sex-dependent mechanisms could influence microglial function
during brain development. This could possibly contribute to
the sex-dependent susceptibilities to certain developmental
psychiatric disorders (Bao and Swaab, 2010; Lenz andMcCarthy,
2015).
We have covered some studies describing the invasion
and distribution of embryonic microglia. However, further
investigation is needed to elucidate the precise signals mediating
the direction, speed and eventual distribution of microglia over
the embryonic brain. The distribution of embryonic microglia
gives a hint of their functions in the developing brain, and will be
discussed throughout this review. First we will discuss the origin,
development and distribution of astrocytes in the developing
brain.
ASTROCYTES—THE SECOND GLIAL
CELLS PRESENT IN THE BRAIN
Astrocytes are the most abundant cell type in the brain and
have many important physiological functions. They are largely
produced during the final stages of neurogenesis. Some excellent
reviews have been published about the switch from neurogenesis
to astrogenesis and astrocyte development in general (Freeman,
2010; Chaboub and Deneen, 2012; Kanski et al., 2014; Molofsky
and Deneen, 2015), but our understanding of their generation,
development and maturation is still far from complete.
The Origin(s) and Development of
Astrocytes
Astrocytes originate from the neural lineage, and a wave of
astrogenesis starts toward the end of the neurogenic wave
(Skoff, 1990; Noctor et al., 2004, 2008). In mice, astrogenesis
starts around embryonic age 18 (E18) and lasts at least until
approximately postnatal day 7 (P7; Figures 1, 2C). However,
similar to adult neurogenesis, cases of adult astrogenesis have
been reported (Zhao et al., 2007). Initially, a homogenous pool
of naïve neural precursors (NPCs) in the embryonic tube, also
called neuroepithelial precursor cells (NEPs), transform into
radial glia, i.e., pluripotent neural stem cells located in the VZ,
that sequentially generate neurons and macroglia (Malatesta
et al., 2000, 2003; Sauvageot and Stiles, 2002; Kriegstein and
Noctor, 2004; Miller and Gauthier, 2007). When neurogenesis
comes to an end, radial glia can either differentiate directly
into astrocytes, or produce intermediate cells that later become
astrocytes.
Once born, developing astrocytes differentiate into mature
ones, a process characterized by changes in morphology,
connectivity and electrophysiological properties (Yang
et al., 2013). Evidence is accumulating that astrocytes are a
Frontiers in Human Neuroscience | www.frontiersin.org 6 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
heterogeneous cell population with differences between cells
across brain regions, as well as within the same brain regions
(Hewett, 2009; Zhang and Barres, 2010). Since their discovery,
astrocytes have been divided into two groups; protoplasmic
and fibrous astrocytes, located in the gray and white matter,
respectively (Kölliker, 1889; Andriezen, 1893). Over one century
ago morphological differences within groups of astrocytes were
noted (Ramon and Cajal, 1909). Spheroid shaped protoplasmic
astrocytes have more complex branched extensions as compared
to fibrous astrocytes which have long extensions that are
longitudinal oriented along fiber bundles (Molofsky et al., 2012).
Today we know that the rough classification of protoplasmic
and fibrous astrocytes is likely to underestimate the number of
distinct subtypes of astrocytes, that can differ in morphology,
gene expression profile and physiological properties. These
different subsets imply functional diversity of astrocytes (Zhang
and Barres, 2010).
Just like different neuronal subtypes originate from distinct
progenitors, different subtypes of astrocytes are thought to arise
from distinct progenitors (Zhang and Barres, 2010). In the spinal
cord, several studies have demonstrated functional subtypes
of astrocytes in spatially different domains (Muroyama et al.,
2005; Hochstim et al., 2008; Tsai et al., 2012). Moreover, Tsai
et al. (2012) have demonstrated that spinal cord astrocytes have
specific embryonic sites of origin in the VZ. Functional loss after
depletion of region-specific astrocytes could not be rescued by
migration of astrocyte precursors from other regions.
Our understanding of the precise steps in the maturation
from progenitor cells into (a distinct group of) astrocytes
is incomplete (Molofsky and Deneen, 2015). Some of the
difficulties involved, are: (1) the lack of reliable and specific
markers to define progenitor cells and immature astrocytes
during their developmental stages; and (2) the difficulty to
specifically manipulate genes that only affect astrogenesis and
not neurogenesis, due to the fact that the so far identified
astrocyte promoters are also active in neural stem cells (Chaboub
and Deneen, 2012; Molofsky and Deneen, 2015). In addition,
Chaboub and Deneen (2012) mention a third limiting factor for
studying astrocyte development; i.e., the idea that the cells do
not have a precisely defined developmental endpoint because
adult astrocytes are mitotic cells and can in principle continue
to divide and differentiate. However, it is also possible to look at
this differently; in general there is a clear endpoint in astrocyte
differentiation but the cells can use their mitotic potential and
differentiate when needed, e.g., after injury, or in specialized
areas such as the SVZ and sub granular zone (SGZ) where the
cells serve as stem cells (Sofroniew, 2009). Additional research
needs to be done in order to find out by which molecular
mechanisms distinct subtypes of astrocytes are specified, whether
these derive from distinct groups of progenitor cells, and how
they develop to their diverse and complex morphologies.
The Distribution of Astrocytes in the
Neonatal Brain
While there is some data on the distribution of astrocytes in
the adult mouse or rat brain, studies specifically describing
their neonatal distribution and migration patterns are lacking
(Bignami and Dahl, 1973; Kálmán and Hajós, 1989). This
could be due to the lack of a general astrocyte marker.
Taft et al. (2005) analyzed the distribution of astrocytes
positive for one of the two main intermediate filaments
expressed by astrocytes; glial fibrillary acidic protein (GFAP),
used as a general astrocyte marker (Eng et al., 2000), and
Vimentin, used as an embryonic astrocyte marker (Dahl
et al., 1981). They found that in the neonatal rat brain
GFAP+ and vimentin+ cells were distributed similarly and
cells were located in high numbers throughout the whole
brain, except the brainstem. This early postnatal distribution
was similar to the adult distribution, suggesting that astrocytes
distribute themselves right after their birth and do not
change their location under physiological conditions throughout
adulthood.
It has to be taken into consideration that although GFAP
is a well-documented astrocyte marker, it is not always
expressed at high levels by all astrocyte subtypes especially by
astrocytes found in the gray matter (Walz and Lang, 1998;
Walz, 2000). Also, other cell types such as radial glial cells
and ependymal cells can express GFAP (Levitt and Rakic,
1980; Molofsky and Deneen, 2015). The same is true for
Vimentin, a ubiquitous intermediate filament expressed by most
mesenchymal cells and blood vessels (Satelli and Li, 2011).
When studying astroglial development in the ferret, it was
further found that there is a transition from vimentin to
GFAP expression over a period of weeks (Voigt, 1989). Later
studies in rat showed that as radial glial cells translocate out
of the VZ toward the overlying CP, they begin to express
GFAP (Noctor et al., 2004), further supporting the connection
between radial glial cells and some astroglial cells. Moreover,
in the adult brain, neural stem cells in the SVZ and SGZ
also express GFAP (Alvarez-Buylla et al., 2002), indicating
that they are a subclass of astrocytes or remnant radial glia.
Besides classification by GFAP or Vimentin expression and
the spatial or temporal appearance of astrocytes in the brain
it could be useful to use other specific markers in order
to identify subpopulations of astrocytes. Examples of other
proteins expressed by astrocytes are calcium binding protein β
(S100β), glutamine synthetase (GS), aldehyde dehydrogenase one
family, member L1 (Aldh1L1), glutamate aspartate transporter
(GLAST) and GFAP isoforms (Bachoo et al., 2004; Cahoy
et al., 2008; Middeldorp and Hol, 2011; Mamber et al., 2012;
Orre et al., 2014). The presence of these proteins is likely
to underlie subtype-specific functions and knowledge about
expression patterns will help understanding the different stages
of astrogenesis and the distinct astrocytic phenotypes that are
being observed.
Apart from using immunohistochemical methods, mice
expressing GFP under the human GFAP or GLAST promotor
(hGFAP-GFP or GLAST-GFP mice), have been proven to be a
very useful tool to study the role of astrocytes and their lineage in
the brain (Bardehle et al., 2013; Kim et al., 2013; Kraft et al., 2013;
Ponti et al., 2013).
As discussed above, astrocytes are distributed over all areas of
the CNS and they most likely migrate to their final destination
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shortly after their birth in the VZ or SVZ, considering of
the observed similarities between the embryonic and adult
distribution. Cortical gray matter astrocytes were found to
migrate along radial glia processes, whereas white matter
astrocytes migrated along developing axons of neurons (Bignami
and Dahl, 1973; Jacobsen and Miller, 2003). As radial glial cells
lose their processes during early postnatal stages, the question
was raised as to how later VZ- or SVZ-born astrocytes can
migrate into the cortical layers (Weissman, 2003). However, most
postnatal born astrocytes seem to be generated through local
proliferation of differentiated astrocytes (Ge et al., 2012).
Astrocytes can also be found located in close proximity
of developing blood vessels and wrapped around developing
synapses (Stone et al., 1995; Araque et al., 1999; Abbott, 2002;
Dorrell et al., 2002). Thus similar to microglia, developing
astrocytes can be found throughout the developing brain and in
proximity to radial glia, blood vessels and axons (Figure 2C).
The next sections will focus on the functions related to the
distribution of both cell types in the developing brain.
THE CROSSTALK BETWEEN MICROGLIA,
NEURAL PROGENITORS AND
ASTROCYTES
Microglia, astrocytes and neural progenitors can influence each
other’s development and behavior in several manners. Here, we
will give a few examples of such interactions (Figure 3). As
described above, embryonic microglia migrate towards zones
of active proliferation, possibly attracted by Cxcl12-expressing
neural progenitors (Arnò et al., 2014). The localization of
microglia close to proliferative zones suggests they can influence
the neural progenitor pool and it has indeed been demonstrated
in vitro, that cultured neural precursors when depleted of
microglia, show decreased rates of proliferation and astrogenesis
(Walton et al., 2006; Antony et al., 2011). Also in the developing
cerebral cortex of macaques and rats, microglia can phagocytose
intermediate precursors in the SVZ, thereby affecting neuro- and
gliogenesis (Cunningham et al., 2013). A subset of microglia
was further shown to produce nitric oxide (NO), a signaling
molecule that regulates the developmental switch from neuro- to
astrogenesis and astroglial maturation (Peunova and Enikolopov,
1995; Béchade et al., 2011). Interestingly, apart from their effect
on developmental neurogenesis, microglia can influence adult
hippocampal neurogenesis by phagocytosis of apoptotic cells
(Sierra et al., 2010) and are also able to provide trophic support
to new adult born neurons in the hippocampus and SVZ (for
review see Gemma and Bachstetter, 2013; Ribeiro Xavier et al.,
2015). It is thus likely that the mechanisms microglia use
to affect developmental neuro- and astrogenesis, can also be
used to influence SVZ and hippocampal neurogenesis in the
adult (Aarum et al., 2003; Kanski et al., 2014; Valero et al.,
2016).
If microglia can affect the neural progenitor pool, they could
possibly play a role in astrogenesis as well. Once born in the VZ
or SVZ, astrocytes are distributed over different brain regions
where they differentiate into mature astrocytes. This, notably,
only occurs after the appearance of microglia in that area. A delay
is present between the appearance of microglia and astrogenesis
and astroglial maturation in the human subplate and IZ, as well
as in the mouse IZ and hippocampus (Matthias et al., 2003; Zhou
et al., 2006; Béchade et al., 2011). The subsequent appearance
of these two cell types closely after each other has led to the
idea thatmicrogliamight regulate astrocyte differentiation, or the
switch from neuro- to astrogenesis (Dalmau et al., 1997a; Rezaie,
2003). In support of such a concept, microglia depletion in
cortical precursor cell cultures was shown to result in decreased
numbers of newly generated astrocytes (Antony et al., 2011).
Also, microglia are known to secrete several factors that can
stimulate astrocyte proliferation and/or differentiation (Giulian
et al., 1988; Nakanishi et al., 2007; Béchade et al., 2011).
On the other hand, microglial full maturation and
ramification takes place rather late during development, when
astrocytes are already present (Rezaie et al., 2002; Figure 2C).
Therefore, it has been hypothesized that differentiated astrocytes
might contribute to microglia maturation (Tanaka and Maeda,
1996; Navascués et al., 2000; Rezaie et al., 2002) and indeed,
astrocytes can secrete soluble factors that can stimulate
proliferation of microglia (Frei et al., 1986; Lee et al., 1994)
but more experimental evidence for this hypothesis is lacking.
GLIAL INFLUENCE ON DEVELOPMENTAL
ANGIOGENESIS
The formation of new blood vessels occurs via two distinct
mechanisms, vasculogenesis and angiogenesis. During
vasculogenesis vessels are formed de novo from differentiating
and migrating angioblasts. The brain vasculature develops
exclusively via angiogenesis, during which new blood vessels
are formed from pre-existing ones. In the brain this process
starts around E9.5, when the first vascular sprouts invade into
the neuroepithelium with a caudal to cranial direction which is
followed by branching, arborization and migration of capillary
sprouts from the PS toward the ventricles where angiogenic
factors like vascular endothelial growth factor (VEGF) are
highly expressed (Risau, 1997; Patan, 2000; Vasudevan et al.,
2008).
During this period, microglia are found in close association
with developing blood vessels, directly after they enter the
neuroepithelium and throughout CNS development, suggesting
a potential role for microglia in blood vessel formation
(Herbomel et al., 2001; Monier et al., 2007; Pont-Lezica et al.,
2011). Although astrocytes appear much later in the brain
during development, they too have been described to play a
part in postnatal developmental angiogenesis. Moreover, after
the establishment of the primary brain vasculature, astrocytes
contribute to the formation of the blood—brain barrier (BBB),
also called barrier-genesis.
The Potential Role of Microglia in Vascular
Network Formation
During development of the brain vasculature the first embryonic
microglial progenitors are present in the brain and more cells
keep invading (Vasudevan and Bhide, 2008; Vasudevan et al.,
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FIGURE 3 | Summary of developmental roles of microglia and astrocytes. Abbreviations: CSFR1, colony-stimulating factor 1 receptor;
CSF1, colony-stimulating factor 1; PCD, programmed cell death; TSPs, thrombospondins; PI3-K, phosphoinositide-3 kinase; ROS, reactive oxygen species;
MEGF10, Multiple EGF-like-domains 10; MERTK, MER Tyrosine Kinase.
2008; Arnold and Betsholtz, 2013; Figure 1). Due to localization
of microglia close to developing vasculature it has been suggested
they may contribute to its formation (Cuadros et al., 1992, 1993;
Dalmau et al., 1997b; Rezaie et al., 1999; Monier et al., 2007;
Arnold and Betsholtz, 2013). Indeed, microglia depletion in the
developing CNS results in a sparser vascular network (Checchin
et al., 2006; Fantin et al., 2010; Rymo et al., 2011). In aortic ring
cultures, microglia quickly migrate towards developing blood
vessels and stimulate sprout formation and branching (Rymo
et al., 2011). Rymo et al. (2011) show nicely that the stimulating
effect of microglia in aortic ring cultures on vessel sprouting is
mediated bymicroglial-derived soluble factors, rather than direct
contact with endothelial cells. It is not clear from this study which
angiogenic soluble factor(s) is secreted by microglia. However, it
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seems to be distinct from VEGF-A, as the experimenters show
that inhibition of VEGF-A did not change microglial-induced
vessel branching. Future research is necessary to investigate
the factors that lead to attraction of microglia to developing
vessels and mediate the following angiogenic properties of
microglia.
Astrocytes Contribute to Postnatal
Angiogenesis and BBB Formation
The generation of the first astrocytes, takes place after the
formation of the first blood vessels that invade the parenchyma
from the PS (Figure 1). Nevertheless, astrocytes appear in a phase
during which vessel sprouting is still taking place. During retinal
development, astrocytes were shown to be actively involved in
the formation of the retinal vasculature (Stone et al., 1995), where
they provide a template over which endothelial cells can migrate
and form the vasculature (Dorrell et al., 2002). Moreover, it has
been implicated that astrocytes promote proper cortical blood
vessel development in the developing brain. Perinatal inhibition
of astrogenesis resulted in a drastic reduction in the density and
branching of cortical blood vessels (Ma et al., 2012). Astrocytes
further express VEGF, which was proposed to be necessary
for the formation and stabilization of developing blood vessels
(Alon et al., 1995; Stone et al., 1995; Scott et al., 2010). Some
claim however that in the retina astrocyte-derived VEGF is only
important in hypoxia-induced pathological angiogenesis and not
in developmental angiogenesis under physiological conditions
(Weidemann et al., 2010). In addition to VEGF, astrocytes were
shown to be capable of secreting other angiogenic molecules such
as angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), endothelin-1
(ET-1) and oxygenase-1 (HO-1; Nakamura-Ishizu et al., 2012; Li
et al., 2013; Hammond et al., 2014; Chen-Roetling et al., 2015).
Apart from the secretion of angiogenic molecules, astrocytes are
capable of expressing axonal guidance molecules and growth
factors, as described in chapter 5.2, of which some were shown to
affect vessel sprouting as well (Basile et al., 2004; Lu et al., 2004;
Torres-Vázquez et al., 2004; Carmeliet and Tessier-Lavigne,
2005). It remains to be investigated if and how the secretion of
these molecules is involved in developmental angiogenesis.
After the primary vascular network is established, brain
vessels undergo barrier-genesis, during which the BBB is formed
(Lee et al., 2009). The BBB is a diffusion barrier that is formed by
endothelial cells connected by tight junctions with selected
permeability. The endothelial cells are lined up along the cerebral
microvasculature that protects the brain from circulating agents
and fluctuations in plasma composition that could disturb neural
function (Abbott and Romero, 1996; Abbott, 2002). Astrocytic
end-feet form ‘‘rosette’’-like structures lying on the vessel walls,
that allow free diffusion between the endothelial cells and the
brain parenchyma (Kacem et al., 1998; Abbott, 2002).
Astrocytes are further thought to play a role in BBB formation
(Abbott et al., 2006, 2010). Most studies on BBB development
and function are performed using in vitro systems (Dehouck
et al., 1990; Rubin et al., 1991), and strongly suggest that
astrocytes can induce BBB formation via the secretion
of astrocyte-derived soluble factors (Beck et al., 1984;
Neuhaus et al., 1991; Ballabh et al., 2004). However, some
aspects of the BBB, such as tight junctions, are present
before astrocytes appear in the brain (Haseloff et al., 2005;
Saunders et al., 2008). Future studies are needed to address
which aspects of the BBB are dependent on astrocytes and
which become functional before astrocytes appear in the
brain.
THE ROLE OF GLIA IN AXONAL
OUTGROWTH AND GUIDANCE
During CNS development, the outgrowth of axons is guided
by local neuronal and glial derived soluble factors that
mediate the attraction or repulsion of the growth cone, a
specialized sensorimotor structure at the axonal tip (Goodman,
1996; Dickson, 2002). The growth cone navigates from one
intermediate target, a neuron or glial cell sending out guidance
cues, to the next until reaching and innervating the final
target (Bentley and Caudy, 1983; Ghosh and Shatz, 1993;
Bailey et al., 1999). Most work on axonal guidance has been
done in invertebrates because of the accessibility of their
nervous system (Ito et al., 1995). During early embryonic
CNS development in the drosophila, glial cells were found
to express the chemo-attractant netrin (Jacobs, 2000) and
the chemorepellents Slit and semaphorin (Kidd et al., 1999),
all three necessary for accurate axon navigation and midline
crossing of commissural axons (Kidd et al., 1998). In vertebrates,
glial-like floor plate cells of the spinal cord, Cajal-Retzius cells,
subplate cells, and oligodendrocytes precursor cells (OPCs) have
been suggested to take part in this prenatal guidance role
(Cavalcante et al., 2002; Goldberg et al., 2004), but a role for
microglia and astrocytes cannot be excluded either and will be
discussed here.
In Which Ways are Microglia Involved in
Axonal Outgrowth?
In various brain regions in different species such as rodents
(Ashwell et al., 1989; Pont-Lezica et al., 2014), birds (Cuadros
et al., 1993), zebrafish (Herbomel et al., 2001), cats (Innocenti
et al., 1983) and humans (Rezaie et al., 1999; Verney et al., 2010),
microglia are found to be closely associated with developing
axonal tracks. For example, in rodents microglia were found
in developing marginal zones (MZ) that contain developing
axon fascicles (Cuadros et al., 1993; Soria and Fairén, 2000), the
subpallium (Squarzoni et al., 2014), the corpus callosum (Pont-
Lezica et al., 2014) and the hippocampal commissure (Dalmau
et al., 1997a, 1998). Microglia associated with white matter
acquire a distinct morphology which differs from the microglia
located in gray matter. They seem to line up parallel to axonal
tracks and keep this alignment during their ramification and
maturation process (Cuadros et al., 1993; Dalmau et al., 1998;
Torres-Platas et al., 2014). It is so far not known how this aligned
structure contributes to microglial functions in association with
axons.
Microglia have been extensively studied for their role in
axonal pruning, but rarely in the process of axonal survival,
outgrowth, or navigation. In accordance with their phagocytic
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functions, the first studies pointed towards a role for microglia
in ‘‘path-clearing’’ for developing axons (Valentino and Jones,
1982; David et al., 1990) or the elimination of transient axonal
projections (Innocenti et al., 1983). Microglia activated by
lipopolysaccharide (LPS) express repulsive guidance molecule
a (RGMa) thereby inhibiting axonal outgrowth and inducing
collapsing of the growth cone (Kitayama et al., 2011). It
has not been investigated if microglia during development
express RGMa. Microglia also associate with developing axons
in the absence of axon degeneration (Cuadros et al., 1993),
thus a more trophic role for microglia in neurite extension
should not be excluded. It has been demonstrated that in
mice, at E14.5, the period of mid-neurogenesis, microglia are
concentrated at and associated with dopaminergic axonal tracts
that entered the subpallium, while they did not associate with
adjacent serotoninergic or internal capsule fibers (Squarzoni
et al., 2014). In addition, the researchers studied the effect
of microglia on axonal outgrowth. Three mouse models were
used: (1) mice depleted from most microglia via the blockade
of the CSF-1R; (2) mice lacking all myeloid cells via knockout
of Pu.1; and (3) mice that underwent maternal immune
activation using peritoneal injection of liposaccharide (LPS)
resulting in immune activated microglia. Mouse brains without
microglia as well as with immune activated microglia, displayed
abnormal dopaminergic axon outgrowth, as was visible by
exuberant or reduced axonal extensions respectively, while
other axons remained unaffected. It is not clear whether
these abnormal extensions are a consequence of a failure in
axonal guidance that caused uncontrolled axonal outgrowth
or changes in axonal pruning. The latter seems likely since
microglia can phagocytose fragments of dopaminergic axons
and Cx3cr1 negative mice, known for their deficits in
microglia-neuron signaling and synaptic pruning, displayed
a similar phenotype (Squarzoni et al., 2014). However, the
authors also show that complement receptor 3 (CR3) and
DNAX activation protein of 12 kDa (DAP12), both linked
to synaptic pruning (Paloneva BM et al., 2001; Schafer
et al., 2012), were not involved in the affected developmental
process.
The largest commissure of the mammalian brain, the corpus
callosum, has also been investigated in regard to microglial
effects on its development (Pont-Lezica et al., 2014). The
authors show that disruption of microglial function or depletion
of microglia resulted in the defasciculation of dorsal callosal
axons, suggesting that microglia are somehow involved in
shaping callosal axonal tracts. Three animal models, in which
microglia mediated phagocytosis was increased, impaired or
even absent, all resulted in defasciculation of callosal axons.
This suggests that defasciculation is not exclusively dependent
on the phagocytotic properties of microglia. Microglia might
also participate in axon growth and guidance via trophic
support.
During brain development, microglia secrete several
neurotrophic factors such as nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), fibroblast growth factor (FGF), and insulin-like
growth factor 1 (IgF-I), all of which control the activity of
receptor tyrosine kinase and associated signaling through
phosphoinositide-3 kinase (PI3-K). PI3-K was initially known
for its role in cell survival but it has become clear that it also plays
a role in axon development, elongation, and maintenance (Pap
and Cooper, 1998; Sanchez et al., 2001; Shi et al., 2003). Thus,
microglia might not directly guide axonal growth and guidance,
but rather indirectly via PI3-K signaling.
The above described studies give a little bit more insight into
the possible trophic effects of microglia on axonal outgrowth.
However, future research is needed to understand why microglia
would associate with and affect certain axonal tracts more as
compared to others and what the underlying mechanisms are via
which microglia can affect axonal outgrowth and guidance.
Astrocytes Can Affect Axonal Outgrowth
Similar to microglia, astrocytes are found in high numbers
in the white matter (Miller and Raff, 1984). Astrocytes have
been reported to form molecular boundaries by which they
guide neurite extension (Powell and Geller, 1999). During brain
development, astrocytes express laminin and fibronectin, two
glycoproteins of the extracellular matrix that are involved in
axon elongation and pathfinding via contact-mediated attraction
of the growth cone (Liesi and Silver, 1988; Tonge et al.,
2012). Neuronal extracellular lysophosphatidic acid (LPA), a
membrane-derived lysophospholipid, can stimulate astrocytes to
induce axonal outgrowth of cortical progenitors by upregulation
of laminin and fibronectin expression, possibly by the activation
of mitogen-activated protein kinase (MAPK) and protein kinase
A (PKA) pathways (De Sampaio E Spohr et al., 2011; Spohr
et al., 2014). The chemoattractant netrin-4 was found to be
expressed by a subset of astrocytes (Staquicini et al., 2009).
However, astrocytic netrin-4 was only shown to influence neural
stem cell migration and proliferation and it is unclear it also
stimulates axonal outgrowth during development. Also, after
ischemia, astrocytic feet were found to express the netrin
receptor deleted in colorectal cancer (DCC; Tsuchiya et al.,
2007). It is so far unclear whether astrocytic expression of
netrin or its receptor is involved in developmental axonal
outgrowth.
Also, ephrins and their receptors (Ephs) are localized on
the axonal growth cones and perisynaptic astrocyte processes.
This occurs during development and throughout adulthood
(Ethell et al., 2001; Cahoy et al., 2008; Carmona et al., 2009;
Filosa et al., 2009). Eph-Ephrin signaling is primarily known
for its involvement in contact-mediated repulsion of the growth
cone but also influences other physiological functions such as
cell proliferation, migration, neurite extension and branching,
regeneration, vascular development and even apoptosis in
the developing brain (Murai and Pasquale, 2011). In the
spinal cord, a specific subset of ventral astrocytes expresses
semaphorin-3a (sema3a) that is involved in repulsion of the
growth cone (Bagnard et al., 1998; Molofsky et al., 2014). In
conclusion, astrocytes secrete axonal guidance molecules and
can express its receptors, but the mechanisms by which they
affect axonal outgrowth during development deserve further
investigation.
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THE INFLUENCE OF GLIA ON THE
GLOBAL ORGANIZATION OF NEURONAL
NETWORKS
At times of ongoing neuronal growth and remodeling, microglia
and astrocytes have been described to be involved in essential
developmental processes (Clarke and Barres, 2013; Ueno and
Yamashita, 2014). Both cell types play crucial roles in either
instructing neuronal cell death or in promoting survival with
microglia being more involved in mediating cell death and
astrocytes in neuronal survival. However, exceptions exist as well
that will be discussed here.
Control of PCD by Microglia
During early brain development, excessive numbers of neurons
are formed, many of which undergo programmed cell death
(PCD) starting prenatally with a peak in the postnatal period
(Oppenheim, 1991; Thomaidou et al., 1997; Blaschke et al.,
1998; Yeo and Gautier, 2004; Figure 1). This developmental
mechanism is conserved in many species and occurs in several
different neural cell types, including astrocytes (Krueger et al.,
1995; Yeo and Gautier, 2004; Giffard and Swanson, 2005).
As mentioned, microglia associate with dying neurons in a
variety of CNS regions, such as the sub-plate and cortical layer
II/III (Ferrer et al., 1990), hippocampus (Dalmau et al., 1997a;
Wakselman et al., 2008), choroid plexus (Squarzoni et al., 2014),
cerebellum (Marín-Teva et al., 2004), retina (Ashwell et al.,
1989; Cuadros et al., 1992, 1993; Frade and Barde, 1998), optic
nerve (Moujahid et al., 1996), and the spinal cord (Rezaie et al.,
1999; Sedel et al., 2004; Calderó et al., 2009; Rigato et al.,
2011). Also, microglia respond to PCD signals by engulfing
dying neurons with their processes (Peri and Nüsslein-Volhard,
2008).
Besides their phagocytic activity, microglia can be actively
involved in triggering neuronal death via the secretion of soluble
factors or contact-mediated signals (Marín-Teva et al., 2004).
For example, microglia can direct cells to apoptosis via secretion
of NGF (Frade and Barde, 1998), tumor necrosis factor alpha
(TNFα; Sedel et al., 2004; Taylor et al., 2005; Bessis et al.,
2007), and the production of reactive oxygen species (ROS)
via CD11b integrin and DAP12 immunoreceptor signaling
(Wakselman et al., 2008). In addition, microglia can colonize the
cortical proliferative zones where they can phagocytose neural
progenitor cells, thereby controlling the production of neurons
and macroglia in the developing cerebral cortex (Cunningham
et al., 2013).
Although astrocytes are generally documented as
neuroprotective cells as described in ‘‘Positive Effects of
Microglia and Astrocytes on Neuronal Survival’’ Section
(Banker, 1980; Vaca and Wendt, 1992), they too were
shown to be capable of promoting apoptosis and neuronal
cell death (Shute et al., 2005; Manoharan-Valerio et al.,
2013). For example, in early postnatal hippocampal cultures,
astrocytes induced cell death by electrical inhibition of neurons
(Shute et al., 2005). It remains unclear whether in this case
astrocytes remove neuroprotective or rather secrete apoptotic
signals. Shute et al. (2005), after performing heat inactivation
experiments, suggest that astrocytes secrete a heat-labile
factor of unknown identity that can induce apoptosis in
immature neurons. Further studies should be performed
in order to investigate how and when astrocytes switch to
inducing cell death, as they generally promote neuronal
survival.
Positive Effects of Microglia and
Astrocytes on Neuronal Survival
Newborn neurons require trophic support during their assembly
into neural circuits (Oppenheim and Johnson, 2003). Neurons
lacking support from their environment fail to integrate into
the developing neural network and undergo PCD. Apart from
a role for microglia in PCD, they seem to be necessary
for the survival of layer V cortical neurons during postnatal
development, likely via the secretion of insulin-like growth
factor 1 (IGF1) and other survival factors (Ueno and Yamashita,
2014). Growth factor colony-stimulating factor 1 (CSF1) and
CSF1R are also thought to positively affect the survival of
newborn neurons (Pollard, 2009; Ueno et al., 2013). Generally,
CSF1 regulates maintenance and survival of microglia (Sawada
et al., 1990; Suzumura et al., 1990; Ginhoux et al., 2010)
and CSF1R is highly expressed by microglia during brain
development (Sasmono et al., 2003; Bulloch et al., 2008).
Whereas CSF1R deficiency in the CNS leads to abnormal
brain development (Michaelson et al., 1996), CSF1 deficiency
does not cause significant phenotypic changes in the brain.
This discrepancy can be explained by the fact that apart
from CSF1, interleukin-34 (IL-34) is another ligand for
the CSF1R (Lin et al., 2008) that can successfully activate
the CSF1R and its downstream pathways. Thus, CSF1R
signaling, via its two ligands, plays a crucial role in the
regulation of neural progenitor proliferation, differentiation
and survival (Nandi et al., 2012). In vitro studies show
that CSF1 stimulates neuronal outgrowth and survival only
in neuronal cultures containing microglia and not in pure
neuronal cultures (Michaelson et al., 1996). The involvement
of CSF1R expressing microglia in the regulation and survival
of both microglia and neurons advocates for a crucial role of
CSF1R/CSF1 signaling mediated by microglia in proper brain
development.
Neurons cannot survive without a close association with
astrocytes. During development and throughout adulthood,
astrocytes play important role in brain energy metabolism,
K+ buffering and neurotransmitter recycling (Nedergaard et al.,
2003; Sofroniew and Vinters, 2010; Bélanger et al., 2011).
One function of astrocytes needed for neuronal survival is
the scavenging of extracellular reactive oxygen species (ROS;
Drukarch et al., 1998). Also, astrocytes express the excitatory
amino acid transporters (EAAT) 1 and 2 which are involved
in the clearance of glutamate from the synaptic cleft (Bjørnsen
et al., 2014). By maintaining low extracellular glutamate and
ROS, astrocytes prevent neurotoxicity. Moreover, astrocytes
have been repeatedly reported to positively affect neuronal
survival and neurite outgrowth via the secretion of a variety
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of neurotrophic factors such as TNFα, epidermal growth factor
(EGF), ciliary neurotrophic factor (CNTF), bone morphogenetic
proteins (BMPs), BDNF and somatostatin, with often the
highest levels of expression during the period of early brain
development (Shinoda et al., 1989; Schwartz and Nishiyama,
1994; Schwartz et al., 1996; Chang et al., 2003; Park et al.,
2006).
For many astrocytic secreted factors, it is not clear
how they promote neuronal survival, be it via stimulating
neuron development (e.g., synapse formation as described
in ‘‘Astrocytes Direct Postnatal Synaptogenesis’’ Section), or
via triggering of neuron survival pathways. One of these
factors is the neural and astroglial expressed neuropeptide
somatostatin, which was initially described as neurotransmitter
and neuromodulator (Schwartz et al., 1996; Koronyo-Hamaoui
et al., 2011). Together with its receptors, somatostatin is highly
expressed throughout the brain, mostly prenatal and during
the first weeks after birth, i.e., at the time of astrogenesis
(Hösli et al., 1994; Schwartz et al., 1996). Overexpression of
somatostatin in astrocytes during brain development caused
altered motor activity in mice, possibly caused by changes in
the number of neurons and circuit wiring (Schwartz et al.,
1996).
Another interesting factor is Erythropoietin (EPO), a
hematopoietic factor that induces neural stem cell differentiation
into astrocytes (Lee et al., 2004) but also stimulates astrocytes
to produce growth factors, thereby promoting neuronal cell
differentiation (Park et al., 2006). Some secreted factors
have dual roles, such as interleukin-6 (IL-6), a neuropoetic
cytokine produced by neurons and astrocytes in the brain
where it exerts diverse functions. Astrocytic Il-6 stimulates
neuronal differentiation during CNS development and in
cultured neural progenitor cells from adult hippocampus
(Gadient and Otten, 1997; Oh et al., 2010), while it promotes
cell death during pathological situations and chronic IL-6
production reduces adult hippocampal neurogenesis (Van
Wagoner and Benveniste, 1999; Vallières et al., 2002; Erta et al.,
2012).
Thus, both microglia and astrocytes are essential cells taking
part in the establishment and maintenance of neuronal networks
by instructing neuronal cell death or promoting survival. In the
next chapter, their role in the formation of local synaptic circuits
will be discussed.
GLIA CONTROL THE FORMATION OF
LOCAL SYNAPTIC CIRCUITS
Apart from their global roles in neural patterning, microglia
and astrocytes can influence the formation and destruction
of local synaptic circuits. Microglia are generally considered
the ‘‘bad guys’’, that prune synapses, and astrocytes the ‘‘good
guys’’, that induce synapse formation and save synapses from
being eliminated. Also here, exceptions exist and astrocytes can
mediate activity-dependent pruning and microglia can stimulate
synaptogenesis under certain circumstances (Kettenmann et al.,
2013).
Can Microglia Stimulate Synaptogenesis?
The first wave of synaptogenesis occurs in rodents around
embryonic day 14 (E14), when microglia are the only glial
cells present (Figure 1). It has been suggested that at these
early stages, microglia facilitate and promote synaptogenesis
through the secretion of growth factors (Kettenmann et al.,
2013), in contrast with their later roles in synaptic pruning
(Bialas and Stevens, 2012). Microglia were found to secrete
matricellular thrombospondins (TSPs), BDNF and anti-
inflammatory cytokines that can promote neural survival
as well synapse formation (Chamak et al., 1994, 1995; Lim
et al., 2013; Parkhurst et al., 2013). Roumier et al. (2008)
showed that prenatal microglia deficiency in mice having a
loss-of-function mutation in DAP12 (DAP12KI mice) leads
to synaptic dysfunction in the adult. DAP12 is a microglial
signaling molecule of which mutations underlie Nasu-Hakola
disease, as will be discussed in chapter 8. It is likely that the
synaptic dysfunction seen here is caused by the inflammatory
phenotype of the DAP12 mutated microglia. Namely, DAP12KI
microglia overexpress several genes coding for inflammatory
proteins such as interleukin-1β (IL1β), IL-6 and nitric oxide
synthase 2 (NOS2). Moreover, similar effects were obtained after
prenatal LPS induced immune activation of microglia. Thus,
from this study, it can only be concluded that prenatal and
immunologically activated microglia can have a negative effect
on adult synaptic connections. Recently, it has been shown that
in the developing somatosensory cortex, microglial contact with
dendrites can induce synapse formation, mediated by calcium
influx and actin accumulation at the contact site (Miyamoto
et al., 2016). It is still largely unclear whether microglial contact
was specific and necessary for the observed synapse formation.
Also, the survival rate and functionality of the newly formed
synapses needs further investigation. Nevertheless, also this
study sheds light on immune regulation of neuronal circuit
development.
Neurocircuit Refinement—Pruning by
Microglia and Astrocytes
Similar to the deleterious effects of microglia during remodeling
of the overall landscape of the nervous system, local neural
circuit refinement takes place through selective elimination
of synapses and axon branches—a process named pruning
(Chechik et al., 1998). Both microglia and astrocytes have been
shown to play roles in developmental synaptic and axonal
pruning by phagocytizing inappropriate synaptic connections
and axons, thereby shaping neural circuits in the developing
brain (Peri and Nüsslein-Volhard, 2008; Bialas and Stevens,
2012; Schafer et al., 2012; Schafer and Stevens, 2013). The first
study demonstrating phagocytic microglia and astrocytes in the
developing brain describes axonal pruning in cats (Berbel and
Innocenti, 1988). Using light and electron microscopy these
pioneers visualized large-scale axonal pruning of the developing
corpus callosum. During the developmental pruning window,
callosal axon degeneration was increased and both microglia and
astrocytes contained axonal material within their cytoplasm.
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For both types of glial cells, developmental pruning is
an activity-dependent mechanism but the precise molecular
pathways underlying synapse elimination remain largely unclear.
One mechanism that was shown to mediate microglial synapse
elimination in the developing CNS is the activation of the
classical complement pathway (Stevens et al., 2007; Chu
et al., 2010; Schafer et al., 2012). The complement cascade
initiating protein q (C1q) localizes to developing synapses and
microglia phagocytose these ‘‘tagged’’ synapses in a complement
component 3 (C3) dependent manner (Stevens et al., 2007). It
was proposed that immature astrocytes regulate C1q expression
at synapses in need of elimination by the secretion of TGF-β
(Stevens et al., 2007; Bialas and Stevens, 2013). Also, C1q−/−
mice displayed enhanced synaptic connectivity and epileptic
features (Chu et al., 2010), likely reflecting insufficient synaptic
pruning. The complement cascade shifts microglia towards a
proinflammatory phenotype which is manifested by the release
of IL-6, TNFα, NO, an oxidative burst and increased phagocytic
activity (Ilschner et al., 1996; Webster et al., 2000; Färber et al.,
2009).
Regarding astrocytes, it has been proposed that they
use different phagocytic pathways than microglia. Chung
et al. (2013) demonstrated the involvement of the phagocytic
receptors Multiple EGF-like-domains 10 (MEGF10) and MER
Tyrosine Kinase (MERTK), both highly expressed in developing
astrocytes, in astrocytic activity-dependent pruning that is
independent of the complement factor C1q. They demonstrated
in vitro, using purified immunopanned astrocytes (see Foo
et al., 2011), and in vivo, using an Aldh1L1-EGFP2 transgenic
mouse line, that the engulfment ability of Mertk−/− astrocytes
was reduced as compared to wild type astrocytes. Moreover,
both MEGF10 and MERTK deficient mice did not show
refinement of the circuit, which was visible by an excess of
functional synapses. They proposed that phosphatidylserine,
recognized by MEGF10 and MERTK receptors, might serve as
a tag for synapse elimination comparable to C1q for microglia
(Hochreiter-Hufford and Ravichandran, 2013). It must be noted
that MERTK is also expressed by microglia. Interestingly,
microglia in Mertk−/− mice displayed an increase in synapse
engulfment, possibly reflecting a compensation mechanism for
the reduction in synaptic pruning by astrocytes (Chung et al.,
2013). Thus, it seems that MERTK is dispensable for the
phagocytic capabilities of microglia, where it is necessary for
astrocytes.
Astrocytes Direct Postnatal
Synaptogenesis
After a period of synaptic pruning, synaptogenesis starts again
which coincides with the peak of astrogenesis. As described
previously, protoplasmic astrocytes engulf synapses by which
they influence homeostasis (e.g., ion and pH regulation),
metabolism (e.g., ATP and glucose supply) and neuronal activity
(e.g., neurotransmitter regulation; Araque et al., 1999; Clarke
and Barres, 2013). Because astrogenesis and synaptogenesis
happen simultaneously and protoplasmic astrocytes are active
participants of synapses, it is not surprising that they influence
the establishment and function of synapses during development
(Kucukdereli et al., 2011).
Astrocytes secrete several factors that can either drive or
inhibit synapse assembly, such as the synaptogenic proteins
TSPs and hevin (also known as secreted protein acidic and
rich in cysteine (SPARC-like 1)) and the antisynaptogenic
protein SPARC (Allen, 2013; Clarke and Barres, 2013).
The driving capacity of astrocytes on excitatory synapse
formation has been extensively studied in primary cultures of
retinal ganglion cells, spinal motor neurons, and hippocampal
neurons (Meyer-Franke et al., 1995; Pfrieger and Barres,
1997; Ullian et al., 2001; Kaech and Banker, 2006). In
absence of astrocytes, cultured retinal ganglion cells (RGCs)
show no or little synapse activity, whereas in their presence,
RGCs formed more synapses and displayed increased synaptic
activity (Meyer-Franke et al., 1995; Pfrieger and Barres,
1997). Apart from astrocytic support on the formation of
glutamatergic synapses, astrocytes have also been shown to
promote the formation of inhibitory synapses (Elmariah et al.,
2005).
Besides controlling synapse number, astrocytes are essential
for the function and efficacy of neuronal synapses (Allen,
2013). Astrocytes regulate presynaptic strength by the secretion
of cholesterol, which promotes presynaptic activity and the
probability of neurotransmitter release leading to increased
dendrite differentiation (Mauch et al., 2001) and the promotion
of postsynaptic strength by secretion of glypicans that facilitate
postsynaptic insertion of glutamate receptors (Allen et al.,
2012). In some cases, physical contact between astrocytes and
neurons is necessary for neurons to be receptive for the
synaptogenic signals produced by astrocytes (Hama et al.,
2004; Barker et al., 2008). It was shown that protein
kinase C (PKC) signaling is crucial for the local contact
between astrocytes in embryonic hippocampal neurons (Hama
et al., 2004). PKC is further thought to activate cellular
processes that affect neuronal maturation processes, such as
intracellular regulation of adhesion proteins needed for synapse
formation. Another group examined contact-mediated synapse
formation in developing RGCs and found that astrocytes in
contact with RGCs induce synapse formation independent of
PKC signaling. Astrocyte-RGC contact caused a translocation
of the synaptic adhesion molecule neurexin away from
dendrites (Barker et al., 2008). Neurexin is an inhibitor
of synapse formation by interacting with the postsynaptic
adhesion molecule neuroligin (Taniguchi et al., 2007) and
thus translocation of neurexin is thought to promote synapse
formation.
Excitatory synapses are surrounded by astrocytes more
often than inhibitory synapses. This led to the suggestion that
neural activity or the intracellular glutamate concentration of a
synapse stimulates astrocyte process extension towards synapses
(Genoud et al., 2006; Lushnikova et al., 2009; Bernardinelli
et al., 2014a). However, astrocytic coverage of a synapse
leads to synapse stabilization, which allows the synapse to
mature further subsequently leading to higher intracellular
glutamate concentrations (Bernardinelli et al., 2014b). For
now, it can only be concluded that bidirectional interaction
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between synapses and astrocytes seems to be crucial for
synapse coverage and maturation. Additional studies are needed
to answer the following open questions; does developmental
coverage of synapses by astrocytes depend on the brain
region, type or activity of the synapse? Which molecular
mechanisms cause astrocytes to extend their processes to
synapses and is this driven by astrocytic intrinsic mechanisms
or do astrocytes respond to signals from neurons? Answering
these questions will contribute to the understanding of synaptic
transmission. Well-regulated synaptic transmission has been
shown to be crucial for learning and memory processes
and deficiencies have been linked to several psychiatric
and neurological disorders (van Spronsen and Hoogenraad,
2010).
IS THERE A CAUSAL ROLE FOR GLIA IN
NEURODEVELOPMENTAL DISORDERS?
Microglia and astrocyte abnormalities have been found in many
pathologies, such as neurodevelopmental, neurodegenerative,
autoimmune, affective disorders and also infectious diseases
(Hanisch and Kettenmann, 2007; Ransohoff and Perry,
2009; Delpech et al., 2015). However, it is often not clear
if these abnormalities are a cause or a consequence of the
pathology (Rajkowska and Miguel-Hidalgo, 2007; Sofroniew
and Vinters, 2010; Frick et al., 2013; Green and Nolan,
2014; Verkhratsky et al., 2014). Discussion of the many
pathologies that could be caused or mediated by glia dysfunction
is beyond the scope of this review (see for more detailed
articles the references above). In this review article, several
developmental functions of both microglia and astrocytes
have been discussed. Here, we propose a possible causal
role, rather than a purely reactive one, for both cell types in
some neurodevelopmental disorders. Table 1 summarizes
some of the main developmental mechanisms that are
affected by glia and can be linked to neurodevelopmental
disorders.
Mice harboring mutations in genes involved in glial-specific
pathways are used in order to resolve questions about the causal
role and consequences of glial cell dysfunction on neuronal
function. For example, as described in ‘‘The Development and
Distribution of Embryonic Microglia’’ Section, mice lacking
CX3CR1, a receptor expressed only by microglia, have a
transient reduction of microglia numbers specifically during the
early postnatal period, a time during which microglia-mediated
synaptic pruning is high (see ‘‘Positive Effects of Microglia
and Astrocytes on Neuronal Survival’’ Section; Paolicelli
et al., 2011). CX3CR1 deficient mice display deficits in
synaptic pruning associated with weak synaptic transmission
and reduced functional connectivity between several brain
areas (Zhan et al., 2014). Moreover, these mice displayed
deficits in social interaction and increased repetitive-behavior,
an autism spectrum disorders (ASD)-like phenotype. These
data suggest that disruptions in microglia-mediated synaptic
pruning during a limited period of postnatal development
could be a primary cause of some neurodevelopmental
disorders.
An important feature of neurodevelopmental disorders,
such as ASD and obsessive compulsive disorder (OCD),
is an abnormal functional connectivity between brain areas
(Harrison et al., 1998; Courchesne and Pierce, 2005; Schipul
et al., 2011; Dichter, 2012; Jung et al., 2013). Abnormal
functional connectivity can be caused by changes in synapse
formation, function, and or abnormal synaptic pruning, which
are also associated with developmental disorders (Derecki
et al., 2012; State and Šestan, 2012; Tang et al., 2014;
Washbourne, 2015). Also, variations in genes encoding for
synaptic scaffolding proteins and proteins associated with
synaptic transmission across cortical regions have been linked to
neurodevelopmental disorders (Bourgeron, 2009; Kumar et al.,
2011; Voineagu et al., 2011). As we have described in this
review, both microglia and astrocytes play important roles in
synaptogenesis and pruning and are thus, not surprisingly,
found to be involved in the pathogenesis of neurodevelopmental
disorders.
Another example of ASD is Rett syndrome, caused by
mutations in the X-linked methyl-CpG binding protein 2
(MeCP2) gene. Patients, usually female, display dendritic and
synaptic abnormalities (Zoghbi, 2003; Chahrour and Zoghbi,
2007). Mouse models with a loss-of-function mutation in
MeCP2 display neurological symptoms similar to human
(Chen et al., 2001; Guy et al., 2001). Apart from the cell
autonomous effect of non-functionalMeCP2 proteins in neurons
(Chen et al., 2001), there seems to be a non-cell autonomous
effect of MeCP2-deficient glia on the changes in neuronal
morphology (Ballas et al., 2009). Both astrocytes and microglia
contribute to the pathology in genetic mouse models of
Rett syndrome. In vitro studies with MeCP2-null microglia
demonstrate that thesemicroglia secrete neurotoxic high levels of
glutamate thereby inducing dendritic and synaptic abnormalities
(Ballas et al., 2009; Maezawa and Jin, 2010). MeCP2-null
astrocytes further caused deficiencies in BNDF regulation,
cytokine production, and abnormalities in dendritogenesis
(Maezawa et al., 2009) whereas re-expression of MeCP2 in
astrocytes could partially rescue the phenotype in global
MeCP2 deficient mice. Also, the introduction of wild type BM
into MeCP2−/− mice, which, according to the authors, lead
to engraftment of wild type microglia, rescued the phenotype
(Lioy et al., 2011; Derecki et al., 2012). However, recently,
when Wang et al. (2015) aimed to replicate these results
they did not find any amelioration of neurological deficits or
prevention of early death in three different Rett syndromemodels
after introduction of wild type BM. Further research is thus
necessary to investigate the role of glia in the etiology of Rett
syndrome.
Mouse models of another type of ASD, i.e., Fragile-X
syndrome, demonstrated the involvement of deficient astrocytes
in its etiology (Jacobs et al., 2010). Fragile-X syndrome is caused
by a mutation in the fragile X mental retardation 1 (FMR1)
gene (Bakker et al., 1994). By co-culturing healthy neurons
on fragile-X mutant astrocytes (Fmr1−/−), it was shown that
the presence of mutant astrocytes caused a delay in neuronal
dendrite maturation and abnormal synaptic protein expression
in healthy neurons (Jacobs et al., 2010). Whereas in vivo studies
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TABLE 1 | Glia dysfunction that affect developmental processes linked to neurodevelopmental disorders.
Method of Developmental processes Behavioral Link to neurodevelopmental Reference
modulation affected changes disorders
Transient reduction Syn. pruning Repetitive behavior ASD Zhan et al. (2014)
in microglia Syn. transmission Social interaction Schizophrenia Paolicelli et al. (2011)
CX3CR1 KO Functional connectivity
Microglia depletion DA axonal outgrowth Not defined Schizophrenia Squarzoni et al. (2014)
CSF-1R blockade Interneuron ASD
Pu.1−/− embryo’s positioning
Microglia deficiency Dendrito- and Rett-like neurological Rett syndrome Chen et al. (2001)
MeCP2 KO synaptogenesis symptoms Ballas et al. (2009)
Maezawa et al. (2009)
Microglia deficiency Synaptogenesis Cognitive impairment Nasa-Hakola Roumier et al. (2004)
DAP12 KO Syn. transmission disease/PLOSL
Astrocyte deficiency Dendritogenesis Rett-like neurological Rett syndrome Maezawa et al. (2009)
MeCP2 KO symptoms
Astrocyte deficiency Dendritogenesis Fragile-X like Fragile-X syndrome Jacobs et al. (2010)
Fmr1 KO Syn. function behavior: seizures,
Neur. excitability hyperactivity, learning Higashimori et al. (2013)
impairment
Astrocyte modulation LTP Enhanced fear Depression Nishiyama et al. (2002)
S100β KO Syn. plasticity memory Schizophrenia
Astrocyte modulation D-serine regulation Anhedonia Schizophrenia Ma et al. (2013)
DISC1 mutant NMDA Cognitive impairments
neurotransmission
Abbreviations: syn., synaptic; neur., neuronal; DA, dopaminergic; KO, knockout; OE, overexpression; LTP, long term potentiation; ASD, autism spectrum disorder;
OCD, obsessive compulsive disorder; PLOSL, polycystic lipomembranous osteodysplasia with sclerosin leukoencephalopathy.
on the effects of fragile-x mutant astrocytes on developmental
processes are still lacking, astrocytes were shown to express
Fmr1 during brain development (Pacey and Doering, 2007)
and global Fmr1−/− mice display alterations in dendritic spine
morphology, synaptic function and behavioral disturbances,
similar to humans (Comery et al., 1997; Irwin et al., 2000;
Nimchinsky et al., 2001).
Another disease proposed as a gliopathy, is
Polycystic lipomembranous osteodysplasia with sclerosin
leukoencephalopathy (PLOSL) also known as Nasa-Hakola
disease (Hakola, 1972). Patients display bone abnormalities,
axonal demyelination, astrogliosis, presenile dementia, and
psychotic symptoms, similar to schizophrenia (Verloes et al.,
1997; Paloneva BM et al., 2001; Satoh et al., 2011). The disease
is caused by mutations in the transmembrane polypeptide
DAP12 and one of its receptors triggering receptor expressed on
myeloid cells 2 (TREM2). DAP12 and TREM2 are in the CNS
only expressed in microglia and some oligodendrocytes (Schmid
et al., 2002). DAP12 deficient mice display synaptic alterations,
enhanced hippocampal LTP and changes in glutamatergic
transmission lasting throughout adulthood (Tomasello et al.,
2000; Roumier et al., 2004, 2008). These data demonstrate that
prenatal modulation of microglial function can have long-term
consequences on synaptic function and the development of
Nasa-Hakola disease.
Dysfunction of dopaminergic circuits and displacement
of inhibitory interneurons are other features of some
neurodevelopmental and psychiatric disorders (Gonzalez-
Burgos and Lewis, 2008; Tomassy et al., 2014). The previously
described study from Squarzoni et al. (2014) points to a possible
role of microglia in these developmental processes. Their data
suggest a role for microglia in the control of dopaminergic
axonal outgrowth and also the positioning of a subset of
neocortical interneurons. Additional studies need to be done
to investigate how exactly microglia contribute to axonal
outgrowth and interneuron positioning, which molecular
mechanisms are involved, and whether microglia deficiencies
causing abnormalities in axonal tracts indeed lead to pathological
behavior.
Much has been written about the role of mature reactive
astrocytes in epileptogenesis, through their involvement in the
maintenance of ion and neuron homeostasis (Wetherington
et al., 2008; Coulter and Steinhäuser, 2015), but it is unclear
whether astrocyte deficiencies during brain development could
increase the susceptibility to develop epilepsy. It has been
shown in vitro, using hippocampal slices, and in vivo, using a
mouse model of astrogliosis without BBB breaching or other
significant inflammation, that induction of astrogliosis can lead
to hyper-excitability and epileptic seizures (Ortinski et al.,
2010; Robel et al., 2015). Interestingly, neurodevelopmental
disorders, in which astrocyte malfunction has been proposed
as a causal factor, such as the above described Rett and fragile
X syndrome, often go hand in hand with epileptic seizures
(Jian et al., 2006; Hagerman and Stafstrom, 2009). Besides
epilepsy, more traditionally seen ‘‘adult onset’’ psychiatric
diseases, such as depression and schizophrenia, and other
brain disorders, are now thought to have at least to some
extent, a developmental and/or neuroinflammatory origin
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(Ansorge et al., 2007; Owen et al., 2011; Bozzi et al.,
2012).
Various studies have implicated a role for astrocytes
in the pathophysiology of schizophrenia, as reviewed in
detail by Xia et al. (2016) and Mitterauer (2005). Two
studies further imply a causal role for the dysfunction
of astrocytes in the development of schizophrenia. First,
an inducible astrocyte-specific Disrupted in schizophrenia 1
(DISC1) mutant mouse model was created (Ma et al., 2013).
DISC1 is a protein that participates in the regulation of
numerous cell functions such as cell proliferation, differentiation,
migration and neurite outgrowth and has been linked to
neurodevelopmental disorders (Brandon and Sawa, 2011).
Astrocytes expressing mutant DISC1 were unable to regulate
the production of D-Serine in the extracellular space which
led to altered glutamatergic neurotransmission and changes in
behavior such as anhedonia and cognitive impairments (Ma
et al., 2013). Second, Nishiyama et al. (2002) investigated
the effect of modulation of a major astrocytic protein S100β.
S100β knockout mice displayed enhanced synaptic plasticity
and performed better in contextual fear conditioning paradigms.
These data were linked the structural changes seen in
schizophrenia (Xia et al., 2016).
Overall we can conclude that, because both microglia and
astrocytes are crucial in several developmental brain processes,
it is reasonable to assume that glial deficiencies can lead to
developmental abnormalities. Thus the glia could be part of the
cause, and not only the consequence of neurodevelopmental
disorders.
SUMMARIZING STATEMENTS
We reviewed the developmental roles of microglia and astrocytes
(Figure 3). These cells are essential for brain function in health
and disease, and their properties are conserved across species.
Some of the remaining questions are summarized in Box 1. More
insight in how glia develop and their functions during brain
development will help understand their true contributions to
several neurodevelopmental disorders.
When comparing the developmental functions of microglia
and astrocytes, two important distinctions can be made; their
origin and timing of appearance in the CNS. Microglia are
believed to derive from yolk-sac primitive macrophages and
colonize the mouse brain during embryonic development
as early as E8.5. Astrocytes derive from the neural lineage
concurrently with the final stages of neurogenesis (Figure 1).
Prenatally entering microglia most likely do so via extravascular
routes, while at later stages, bone-marrow derived circulating
macrophages might enter via the circulation. It remains
unclear whether this happens only under inflammatory or also
under physiological conditions. BM-derived macrophages
that do enter the brain parenchyma do not seem to
persist but rather fulfill their purpose and die or exit the
brain.
Our understanding of the origin and development of
astrocytes is still limited. The precise steps that neuroepithelium-
derived progenitor cells undertake to become astrocytes
BOX 1 | Outstanding questions.
Microglia invasion into the brain
- Which scaffold is used by the first microglia cells to enter the brain
parenchyma before the establishment of the brain vasculature?
- When microglia enter the brain after the establishment of the brain
vasculature, do they travel through the blood vessels, or do they use
them as scaffold to migrate along into the brain parenchyma?
- Which signals are mediating the direction, speed and eventual
distribution of microglia over the embryonic brain?
Astrocyte development and heterogeneity
- By which molecular signatures are distinct functional subtypes of
astrocytes specified?
- Are astrocyte subtypes derived from distinct groups of progenitor cells
and how do they develop to their diverse and complex morphologies?
Glia and developmental angiogenesis
- Which angiogenic molecules are expressed by microglia, when are they
expressed, and how do they mediate developmental angiogenesis?
- Which aspects of the blood-brain-barrier are dependent on astrocytes
and which ones become functional before astrocytes appear in the brain?
Glia and axonal outgrowth and guidance mechanisms
- Does the aligned structure of microglia along axonal tracts contribute
to their functional association with axons?
- Are microglia able to directly affect axonal outgrowth?
- How do astrocyte-secreted axonal guidance molecules influence axonal
outgrowth during development?
Astrocytes and programmed cell death (PCD)
- How and when do astrocytes switch from supportive functions that
generally promote neuronal survival, to the induction of cell death?
- When promoting PCD, do astrocytes then function by removing
neurotrophic factors, or rather by secreting apoptosis inducing
factors?
Glia and synaptogenesis
- Which molecular mechanisms underlie the positive effects of
microglia on the first wave of synaptogenesis?
- Does developmental coverage of synapses by astrocytes depend
on the brain region, type or activity of the synapse?
- Which molecular mechanisms cause astrocytes to extend their processes
to synapses and is this driven by astrocytic intrinsic mechanisms
or do astrocytes respond to signals from neurons?
are also unclear. Moreover, astrocytes are a heterogeneous
population, and distinct subtypes are thought to have different
developmental origins and functions. Astrocytic progenitors
and subtypes are difficult to trace due to the lack of reliable,
specific molecular markers. However, more molecular markers
are emerging and this will contribute to a better understanding
of astrocytes in the developing brain.
Embryonic microglia and newborn astrocytes are dynamic
and motile cells that are located throughout the brain, but are
also concentrated in specific hotspots. They can be found in
close proximity of radial glial cells, dying cells, blood vessels,
axons and synapses where they are thought to play part in
neuro- and gliogenesis, neuronal cell death, angiogenesis, axonal
outgrowth/pruning and synaptogenesis, respectively.
Both microglia and astrocytes influence neuro- and
gliogenesis by affecting radial glia cell differentiation and
functionality (Wiencken-Barger et al., 2007; Béchade et al., 2011;
Cunningham et al., 2013). Also, both cell types are involved
in neuronal cell death, although microglia are the key players
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in this developmental mechanism. Where microglia are the
most important glial cells controlling developmental neuronal
cell death and pruning, astrocytes positively affect neuronal
cell survival and synaptogenesis. Nevertheless, exceptions exist
as well that have been discussed in this review. For example,
microglia are involved in the promotion of neuronal cell survival
via the CSF1-CSFR signaling pathway and might positively affect
prenatal synaptogenesis. Astrocytes are capable of inducing cell
death and phagocytizing synapses tagged for elimination. The
dual roles of both glial cells on synaptogenesis and synaptic
pruning are likely dependent on the developmental stage of a
certain brain area and the activation state of the glia.
Embryonic angiogenesis seems to be influenced by microglia
which are in close association with developing vessels and are
thought to secrete soluble factors stimulating vessel sprouting
(Checchin et al., 2006; Rymo et al., 2011). So far it remains
to be investigated how microglia are involved in embryonic
angiogenesis and which factors are mediating this process.
Astrocytes appear later in the brain and were shown to be
necessary for postnatal angiogenesis in the retina and cortex,
likely mediated by the secretion of VEGF (Stone et al., 1995; Ma
et al., 2012). Moreover, astrocytes are involved in the formation
of the BBB (Abbott, 2002).
In the case of axonal guidance, research is lacking in
describing the precise roles of microglia and astrocytes in
axonal outgrowth and guidance mechanisms. Microglia were
shown to play part in the development of dopaminergic axons
and the corpus callosum but understanding of the underlying
mechanisms is lacking. Also, microglia might affect axonal
outgrowth in a subtle, indirect way via the secretion of growth
factors that affect PI3-kinase activity which was shown to
be involved in axonal development, outgrowth and guidance.
Astrocytes could affect axonal outgrowth due to their expression
of extracellular matrix proteins laminin and fibronectin that are
involved in contact-mediated attraction of the growth cone and
axonal guidance molecules such as netrin-4, sema3a and ephrins.
However, experiments are so far missing in which developmental
expression of these genes is modulated in astrocytes, after which
effects on axonal outgrowth could be investigated. Hence, the
influence of both microglia and astrocytes on axonal guidance
mechanisms deserves further investigation.
Finally, we have described examples of neurodevelopmental
disorders in which the dysfunction ofmicroglia and or astrocytes,
that lead to abnormalities in developmental processes, is likely
part of the cause and not merely a consequence of a certain
underlying pathology.
In conclusion, glia are no longer considered ‘‘support cells’’
of the CNS whose function is to keep neurons ‘‘happy and
together’’. In fact, glia actively direct brain development in
numerous ways. Neurons and glia work together in order
to obtain proper neural development and brain function.
Radial glia direct microglial migration, after which microglia
control radial glia differentiation into neurons or astrocytes.
Astrocytes, in turn, affect microglia maturation, radial glia and
neuronal functionality. Thus, as a highly interactive network, the
developing nervous system is strongly dependent on appropriate
and coordinated signaling between neurons and its main
types of glia.
AUTHOR CONTRIBUTIONS
KR is the first author of the review. SCN, PJL and EMH revised
the work critically for intellectual content and contributed
equally to the work. All four authors agree to be accountable for
the content of the work.
ACKNOWLEDGMENTS
PJL is supported by Netherlands Organization for Scientific
Research (NWO), Netherlands Brain Foundation and Alzheimer
Netherlands/ISAO. EMH is supported by ZonMW, NWO,
Netherlands Brain Foundation, Netherlands Eplilepsy funds and
Parkinson funds.
REFERENCES
Aarum, J., Sandberg, K., Haeberlein, S. L. B., and Persson, M. A. A. (2003).
Migration and differentiation of neural precursor cells can be directed by
microglia. Proc. Natl. Acad. Sci. U S A 100, 15983–15988. doi: 10.1073/pnas.
2237050100
Abbott, N. J. (2002). Astrocyte-endothelial interactions and blood-brain
barrier permeability. J. Anat. 200, 629–638. doi: 10.1046/j.1469-7580.2002.
00064.x
Abbott, N. J., and Romero, I. A. (1996). Transporting therapeutics across
the blood-brain barrier. Mol. Med. Today 2, 106–113. doi: 10.1016/1357-
4310(96)88720-x
Abbott, N. J., Rönnbäck, L., and Hansson, E. (2006). Astrocyte-endothelial
interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi: 10.
1038/nrn1824
Abbott, N. J., Patabendige, A. A. K., Dolman, D. E.M., Yusof, S. R., and Begley, D. J.
(2010). Structure and function of the blood-brain barrier. Neurobiol. Dis. 37,
13–25. doi: 10.1016/j.nbd.2009.07.030
Ajami, B., Bennett, J. L., Krieger, C., Tetzlaff, W., and Rossi, F. M. V. (2007). Local
self-renewal can sustain CNS microglia maintenance and function throughout
adult life. Nat. Neurosci. 10, 1538–1543. doi: 10.1038/nn2014
Ajami, B., Bennett, J. L., Krieger, C., McNagny, K. M., and Rossi, F. M. V. (2011).
Infiltrating monocytes trigger EAE progression, but do not contribute to the
resident microglia pool. Nat. Neurosci. 14, 1142–1149. doi: 10.1038/nn.2887
Allen, N. J. (2013). Role of glia in developmental synapse formation. Curr. Opin.
Neurobiol. 23, 1027–1033. doi: 10.1016/j.conb.2013.06.004
Allen, N. J., and Barres, B. A. (2009). Neuroscience: glia—more than just brain
glue. Nature 457, 675–677. doi: 10.1038/457675a
Allen, N. J., Bennett, M. L., Foo, L. C., Wang, G. X., Chakraborty, C.,
Smith, S. J., et al. (2012). Astrocyte glypicans 4 and 6 promote formation of
excitatory synapses via GluA1 AMPA receptors. Nature 486, 410–414. doi: 10.
1038/nature11059
Alliot, F., Godin, I., and Pessac, B. (1999). Microglia derive from progenitors,
originating from the yolk sac and which proliferate in the brain. Dev. Brain
Res. 117, 145–152. doi: 10.1016/s0165-3806(99)00113-3
Alon, T., Hemo, I., Itin, A., Pe’er, J., Stone, J., and Keshet, E. (1995). Vascular
endothelial growth factor acts as a survival factor for newly formed retinal
vessels and has implications for retinopathy of prematurity. Nat. Med. 1,
1024–1028. doi: 10.1038/nm1095-1024
Alvarez-Buylla, A., Seri, B., and Doetsch, F. (2002). Identification of neural stem
cells in the adult vertebrate brain. Brain Res. Bull. 57, 751–758. doi: 10.
1016/s0361-9230(01)00770-5
Frontiers in Human Neuroscience | www.frontiersin.org 18 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Andriezen, W. L. (1893). The neuroglia elements in the human brain. Br. Med. J.
2, 227–230. doi: 10.1136/bmj.2.1700.227
Ansorge, M. S., Hen, R., and Gingrich, J. A. (2007). Neurodevelopmental origins of
depressive disorders. Curr. Opin. Pharmacol. 7, 8–17. doi: 10.1016/j.coph.2006.
11.006
Antony, J. M., Paquin, A., Nutt, S. L., Kaplan, D. R., and Miller, F. D. (2011).
Endogenous microglia regulate development of embryonic cortical precursor
cells. J. Neurosci. Res. 89, 286–298. doi: 10.1002/jnr.22533
Araque, A., Parpura, V., Sanzgiri, R. P., and Haydon, P. G. (1999). Tripartite
synapses: glia, the unacknowledged partner. Trends Neurosci. 22, 208–215.
doi: 10.1016/s0166-2236(98)01349-6
Arnò, B., Grassivaro, F., Rossi, C., Bergamaschi, A., Castiglioni, V., Furlan, R., et al.
(2014). Neural progenitor cells orchestratemicroglia migration and positioning
into the developing cortex. Nat. Commun. 5:5611. doi: 10.1038/ncomm
s6611
Arnold, T., and Betsholtz, C. (2013). Correction: the importance of microglia in
the development of the vasculature in the central nervous system. Vasc. Cell
5:12. doi: 10.1186/2045-824x-5-12
Ashwell, K. (1991). The distribution of microglia and cell death in the
fetal rat forebrain. Dev. Brain Res. 58, 1–12. doi: 10.1016/0165-3806(91)
90231-7
Ashwell, K. W., Holländer, H., Streit, W., and Stone, J. (1989). The appearance
and distribution of microglia in the developing retina of the rat. Vis. Neurosci.
2, 437–448. doi: 10.1017/s0952523800012335
Azevedo, F. A. C., Carvalho, L. R. B., Grinberg, L. T., Farfel, J. M., Ferretti, R. E. L.,
Leite, R. E. P., et al. (2009). Equal numbers of neuronal and nonneuronal
cells make the human brain an isometrically scaled-up primate brain. J. Comp.
Neurol. 513, 532–541. doi: 10.1002/cne.21974
Bachoo, R. M., Kim, R. S., Ligon, K. L., Maher, E. A., Brennan, C., Billings, N., et al.
(2004). Molecular diversity of astrocytes with implications for neurological
disorders. Proc. Natl. Acad. Sci. U S A 101, 8384–8389. doi: 10.1073/pnas.
0402140101
Bagnard, D., Lohrum, M., Uziel, D., Püschel, A. W., and Bolz, J.
(1998). Semaphorins act as attractive and repulsive guidance signals
during the development of cortical projections. Development 125,
5043–5053.
Bailey, M. S., Puche, A. C., and Shipley, M. T. (1999). Development of
the olfactory bulb: evidence for glia-neuron interactions in glomerular
formation. J. Comp. Neurol. 415, 423–448. doi: 10.1002/(SICI)1096-
9861(19991227)415:4<423::AID-CNE2>3.0.CO;2-G
Bakker, C. E., Verheij, C., Willemsen, R., van der Helm, R., Oerlemans, F.,
Bygrave, A., et al. (1994). Fmr1 knockout mice: a model to study fragile X
mental retardation. The Dutch-Belgian Fragile X Consortium. Cell 78, 23–33.
doi: 10.1016/0092-8674(94)90569-x
Ballabh, P., Braun, A., and Nedergaard, M. (2004). The blood-brain barrier: an
overview: structure, regulation and clinical implications. Neurobiol. Dis. 16,
1–13. doi: 10.1016/j.nbd.2003.12.016
Ballas, N., Lioy, D. T., Grunseich, C., andMandel, G. (2009). Non-cell autonomous
influence of MeCP2-deficient glia on neuronal dendritic morphology. Nat.
Neurosci. 12, 311–317. doi: 10.1038/nn.2275
Banker, G. A. (1980). Trophic interactions between astroglial cells and
hippocampal neurons in culture. Science 209, 809–810. doi: 10.1126/science.
7403847
Bao, A.-M., and Swaab, D. F. (2010). Sex differences in the brain, behavior
and neuropsychiatric disorders. Neuroscientist 16, 550–565. doi: 10.
1177/1073858410377005
Bardehle, S., Krüger, M., Buggenthin, F., Schwausch, J., Ninkovic, J., Clevers, H.,
et al. (2013). Live imaging of astrocyte responses to acute injury reveals
selective juxtavascular proliferation. Nat. Neurosci. 16, 580–586. doi: 10.1038/
nn.3371
Barker, A. J., Koch, S. M., Reed, J., Barres, B. A., and Ullian, E. M. (2008).
Developmental control of synaptic receptivity. J. Neurosci. 28, 8150–8160.
doi: 10.1523/JNEUROSCI.1744-08.2008
Barón, M., and Gallego, A. (1972). The relation of the microglia with the pericytes
in the cat cerebral cortex. Z. Zellforsch. Mikrosk. Anat. 128, 42–57. doi: 10.
1007/bf00306887
Basile, J. R., Barac, A., Zhu, T., Guan, K.-L., and Gutkind, J. S. (2004). Class
IV semaphorins promote angiogenesis by stimulating Rho-initiated pathways
through plexin-B. Cancer Res. 64, 5212–5224. doi: 10.1158/0008-5472.can-04-
0126
Béchade, C., Cantaut-Belarif, Y., and Bessis, A. (2013). Microglial control
of neuronal activity. Front. Cell. Neurosci. 7:32. doi: 10.3389/fncel.2013.
00032
Béchade, C., Pascual, O., Triller, A., and Bessis, A. (2011). Nitric oxide regulates
astrocyte maturation in the hippocampus: involvement of NOS2. Mol. Cell.
Neurosci. 46, 762–769. doi: 10.1016/j.mcn.2011.02.009
Beck, D. W., Vinters, H. V., Hart, M. N., and Cancilla, P. A. (1984).
Glial cells influence polarity of the blood-brain barrier. J. Neuropathol.
Exp. Neurol. 43, 219–224. doi: 10.1097/00005072-198405000-
00001
Bélanger, M., Allaman, I., and Magistretti, P. J. (2011). Brain energy metabolism:
focus on astrocyte-neuron metabolic cooperation. Cell Metab. 14, 724–738.
doi: 10.1016/j.cmet.2011.08.016
Bentley, D., and Caudy, M. (1983). Pioneer axons lose directed growth after
selective killing of guidepost cells. Nature 304, 62–65. doi: 10.1038/304
062a0
Berbel, P., and Innocenti, G. M. (1988). The development of the corpus callosum
in cats: a light- and electron-microscopic study. J. Comp. Neurol. 276, 132–156.
doi: 10.1002/cne.902760109
Bernardinelli, Y., Muller, D., and Nikonenko, I. (2014a). Astrocyte-synapse
structural plasticity. Neural Plast. 2014:232105. doi: 10.1155/2014/
232105
Bernardinelli, Y., Randall, J., Janett, E., Nikonenko, I., König, S., Jones, E. V.,
et al. (2014b). Activity-dependent structural plasticity of perisynaptic astrocytic
domains promotes excitatory synapse stability. Curr. Biol. 24, 1679–1688.
doi: 10.1016/j.cub.2014.06.025
Bessis, A., Béchade, C., Bernard, D., and Roumier, A. (2007). Microglial control
of neuronal death and synaptic properties. Glia 55, 233–238. doi: 10.1002/glia.
20459
Beutner, C., Roy, K., Linnartz, B., Napoli, I., and Neumann, H. (2010). Generation
of microglial cells frommouse embryonic stem cells.Nat. Protoc. 5, 1481–1494.
doi: 10.1038/nprot.2010.90
Bialas, A. R., and Stevens, B. (2012). Glia: regulating synaptogenesis from
multiple directions. Curr. Biol. 22, R833–R835. doi: 10.1016/j.cub.2012.
08.036
Bialas, A. R., and Stevens, B. (2013). TGF-β signaling regulates neuronal
C1q expression and developmental synaptic refinement. Nat. Neurosci. 16,
1773–1782. doi: 10.1038/nn.3560
Bignami, A., and Dahl, D. (1973). Differentiation of astrocytes in the cerebellar
cortex and the pyramidal tracts of the newborn rat. An immunofluorescence
study with antibodies to a protein specific to astrocytes. Brain Res. 49, 393–402.
doi: 10.1016/0006-8993(73)90430-7
Bjørnsen, L. P., Hadera,M. G., Zhou, Y., Danbolt, N. C., and Sonnewald, U. (2014).
The GLT-1 (EAAT2; slc1a2) glutamate transporter is essential for glutamate
homeostasis in the neocortex of themouse. J. Neurochem. 128, 641–649. doi: 10.
1111/jnc.12509
Blaschke, A. J., Weiner, J. A., and Chun, J. (1998). Programmed cell death is
a universal feature of embryonic and postnatal neuroproliferative regions
throughout the central nervous system. J. Comp. Neurol. 396, 39–50. doi: 10.
1002/(SICI)1096-9861(19980622)396:1<39::AID-CNE4>3.0.CO;2-J
Bourgeron, T. (2009). A synaptic trek to autism. Curr. Opin. Neurobiol. 19,
231–234. doi: 10.1016/j.conb.2009.06.003
Bozzi, Y., Casarosa, S., and Caleo, M. (2012). Epilepsy as a
neurodevelopmental disorder. Front. Psychiatry 3:19. doi: 10.3389/fpsyt.2012.
00019
Brandon, N. J., and Sawa, A. (2011). Linking neurodevelopmental and synaptic
theories of mental illness through DISC1. Nat. Rev. Neurosci. 12, 707–722.
doi: 10.1038/nrn3120
Bruttger, J., Karram, K., Wörtge, S., Regen, T., Marini, F., Hoppmann, N., et al.
(2015). Genetic cell ablation reveals clusters of local self-renewing microglia in
the mammalian central nervous system. Immunity 43, 92–106. doi: 10.1016/j.
immuni.2015.06.012
Bulloch, K., Miller, M. M., Gal-Toth, J., Milner, T. A., Gottfried-Blackmore, A.,
Waters, E. M., et al. (2008). CD11c/EYFP transgene illuminates a discrete
network of dendritic cells within the embryonic, neonatal, adult and injured
mouse brain. J. Comp. Neurol. 508, 687–710. doi: 10.1002/cne.21668
Frontiers in Human Neuroscience | www.frontiersin.org 19 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L.,
Christopherson, K. S., et al. (2008). A transcriptome database for astrocytes,
neurons and oligodendrocytes: a new resource for understanding brain
development and function. J. Neurosci. 28, 264–278. doi: 10.1523/JNEUROSCI.
4178-07.2008
Calderó, J., Brunet, N., Ciutat, D., Hereu, M., and Esquerda, J. E. (2009).
Development of microglia in the chick embryo spinal cord: implications in the
regulation of motoneuronal survival and death. J. Neurosci. Res. 87, 2447–2466.
doi: 10.1002/jnr.22084
Cardona, A. E., Pioro, E. P., Sasse, M. E., Kostenko, V., Cardona, S. M.,
Dijkstra, I. M., et al. (2006). Control of microglial neurotoxicity by
the fractalkine receptor. Nat. Neurosci. 9, 917–924. doi: 10.1038/
nn1715
Carmeliet, P., and Tessier-Lavigne, M. (2005). Common mechanisms of
nerve and blood vessel wiring. Nature 436, 193–200. doi: 10.1038/nature
03875
Carmona, M. A., Murai, K. K., Wang, L., Roberts, A. J., and Pasquale, E. B.
(2009). Glial ephrin-A3 regulates hippocampal dendritic spinemorphology and
glutamate transport. Proc. Natl. Acad. Sci. U S A 106, 12524–12529. doi: 10.
1073/pnas.0903328106
Casano, A. M., Albert, M., and Peri, F. (2016). Developmental apoptosis mediates
entry and positioning of microglia in the zebrafish brain. Cell Rep. 16, 897–906.
doi: 10.1016/j.celrep.2016.06.033
Cavalcante, L. A., Garcia-Abreu, J., Neto, V. M., Silva, L. C., and Weissmüller, G.
(2002). Modulators of axonal growth and guidance at the brain midline with
special reference to glial heparan sulfate proteoglycans. An. Acad. Bras. Cienc.
74, 691–716. doi: 10.1590/s0001-37652002000400010
Caviness, V. S., Takahashi, T., and Nowakowski, R. S. (1995). Numbers,
time and neocortical neuronogenesis: a general developmental and
evolutionary model. Trends Neurosci. 18, 379–383. doi: 10.1016/0166-2236(95)
93933-o
Chaboub, L. S., and Deneen, B. (2012). Developmental origins of astrocyte
heterogeneity: the final frontier of CNS development. Dev. Neurosci. 34,
379–388. doi: 10.1159/000343723
Chahrour, M., and Zoghbi, H. Y. (2007). The story of Rett syndrome: from
clinic to neurobiology. Neuron 56, 422–437. doi: 10.1016/j.neuron.2007.
10.001
Chamak, B., Dobbertin, A., and Mallat, M. (1995). Immunohistochemical
detection of thrombospondin in microglia in the developing rat brain.
Neuroscience 69, 177–187. doi: 10.1016/0306-4522(95)00236-c
Chamak, B., Morandi, V., and Mallat, M. (1994). Brain macrophages stimulate
neurite growth and regeneration by secreting thrombospondin. J. Neurosci. Res.
38, 221–233. doi: 10.1002/jnr.490380213
Chan, W. Y., Kohsaka, S., and Rezaie, P. (2007). The origin and cell lineage
of microglia-New concepts. Brain Res. Rev. 53, 344–354. doi: 10.1016/j.
brainresrev.2006.11.002
Chang, M.-Y., Son, H., Lee, Y.-S., and Lee, S.-H. (2003). Neurons and astrocytes
secrete factors that cause stem cells to differentiate into neurons and
astrocytes, respectively. Mol. Cell. Neurosci. 23, 414–426. doi: 10.1016/s1044-
7431(03)00068-x
Checchin, D., Sennlaub, F., Levavasseur, E., Leduc, M., and Chemtob, S. (2006).
Potential role ofmicroglia in retinal blood vessel formation. Invest. Ophthalmol.
Vis. Sci. 47, 3595–3602. doi: 10.1167/iovs.05-1522
Chechik, G., Meilijson, I., and Ruppin, E. (1998). Synaptic pruning in
development: a computational account.Neural Comput. 10, 1759–1777. doi: 10.
1162/089976698300017124
Chen, R. Z., Akbarian, S., Tudor, M., and Jaenisch, R. (2001). Deficiency of
methyl-CpG binding protein-2 in CNS neurons results in a Rett-like phenotype
in mice. Nat. Genet. 27, 327–331. doi: 10.1038/85906
Chen-Roetling, J., Song, W., Schipper, H. M., Regan, C. S., and Regan, R. F.
(2015). Astrocyte overexpression of heme oxygenase-1 improves outcome after
intracerebral hemorrhage. Stroke 46, 1093–1098. doi: 10.1161/strokeaha.115.
008686
Chu, Y., Jin, X., Parada, I., Pesic, A., Stevens, B., Barres, B., et al. (2010).
Enhanced synaptic connectivity and epilepsy in C1q knockout mice.
Proc. Natl. Acad. Sci. U S A 107, 7975–7980. doi: 10.1073/pnas.09134
49107
Chung, W.-S., Clarke, L. E., Wang, G. X., Stafford, B. K., Sher, A.,
Chakraborty, C., et al. (2013). Astrocytes mediate synapse elimination through
MEGF10 and MERTK pathways. Nature 504, 394–400. doi: 10.1038/nature
12776
Clarke, L. E., and Barres, B. A. (2013). Emerging roles of astrocytes in
neural circuit development. Nat. Rev. Neurosci. 14, 311–321. doi: 10.1038/
nrn3484
Comery, T. A., Harris, J. B., Willems, P. J., Oostra, B. A., Irwin, S. A., Weiler, I. J.,
et al. (1997). Abnormal dendritic spines in fragile X knockout mice: maturation
and pruning deficits. Proc. Natl. Acad. Sci. U S A 94, 5401–5404. doi: 10.
1073/pnas.94.10.5401
Cornell-Bell, A. H., Finkbeiner, S. M., Cooper, M. S., and Smith, S. J. (1990).
Glutamate induces calcium waves in cultured astrocytes: long-range glial
signaling. Science 247, 470–473. doi: 10.1126/science.1967852
Coulter, D. A., and Steinhäuser, C. (2015). Role of astrocytes in epilepsy.
Cold Spring Harb. Perspect. Med. 5:a022434. doi: 10.1101/cshperspect.
a022434
Courchesne, E., and Pierce, K. (2005). Why the frontal cortex in autism
might be talking only to itself: local over-connectivity but long-distance
disconnection. Curr. Opin. Neurobiol. 15, 225–230. doi: 10.1016/j.conb.2005.
03.001
Cuadros, M. A., Martin, C., Coltey, P., Almendros, A., and Navascués, J.
(1993). First appearance, distribution and origin of macrophages in the early
development of the avian central nervous system. J. Comp. Neurol. 330,
113–129. doi: 10.1002/cne.903300110
Cuadros, M. A., Moujahid, A., Martin-Partido, G., and Navascués, J. (1992).
Microglia in themature and developing quail brain as revealed by amonoclonal
antibody recognizing hemopoietic cells. Neurosci. Lett. 148, 11–14. doi: 10.
1016/0304-3940(92)90792-6
Cuadros, M., and Navascués, J. (1998). The origin and differentiation of microglial
cells during development. Prog. Neurobiol. 56, 173–189. doi: 10.1016/s0301-
0082(98)00035-5
Cunningham, C. L., Martinez-Cerdeño, V., and Noctor, S. C. (2013). Microglia
regulate the number of neural precursor cells in the developing cerebral cortex.
J. Neurosci. 33, 4216–4233. doi: 10.1523/JNEUROSCI.3441-12.2013
Dahl, D., Rueger, D. C., Bignami, A., Weber, K., and Osborn, M. (1981).
Vimentin, the 57 000 molecular weight protein of fibroblast filaments, is
the major cytoskeletal component in immature glia. Eur. J. Cell Biol. 24,
191–196.
Dalmau, I., Finsen, B., Tønder, N., Zimmer, J., González, B., and Castellano, B.
(1997a). Development of microglia in the prenatal rat hippocampus. J. Comp.
Neurol. 377, 70–84. doi: 10.1002/(SICI)1096-9861(19970106)377:1<70::AID-
CNE7>3.3.CO;2-U
Dalmau, I., Vela, J. M., González, B., and Castellano, B. (1997b). Expression of
LFA-1alpha and ICAM-1 in the developing rat brain: a potential mechanism
for the recruitment of microglial cell precursors. Dev. Brain Res. 103, 163–170.
doi: 10.1016/s0165-3806(97)81792-0
Dalmau, I., Finsen, B., Zimmer, J., González, B., and Castellano, B. (1998).
Development of microglia in the postnatal rat hippocampus. Hippocampus
8, 458–474. doi: 10.1002/(SICI)1098-1063(1998)8:5<458::AID-HIPO6>3.0.
CO;2-N
Dani, J. W., Chernjavsky, A., and Smith, S. J. (1992). Neuronal activity triggers
calcium waves in hippocampal astrocyte networks. Neuron 8, 429–440. doi: 10.
1016/0896-6273(92)90271-e
Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., et al. (2005).
ATP mediates rapid microglial response to local brain injury in vivo. Nat.
Neurosci. 8, 752–758. doi: 10.1038/nn1472
David, S., Bouchard, C., Tsatas, O., and Giftochristos, N. (1990). Macrophages
can modify the non permissiv nature of the adult mammalian central
nervous system. Neuron 5, 463–469. doi: 10.1016/0896-6273(90)
90085-t
Dehouck, M.-P., Méresse, S., Delorme, P., Fruchart, J.-C., and Cecchelli, R. (1990).
An easier, reproducible andmass-productionmethod to study the blood? Brain
barrier in vitro. J. Neurochem. 54, 1798–1801. doi: 10.1111/j.1471-4159.1990.
tb01236.x
Delpech, J.-C., Madore, C., Nadjar, A., Joffre, C.,Wohleb, E. S., and Layé, S. (2015).
Microglia in neuronal plasticity: influence of stress. Neuropharmacology 96,
19–28. doi: 10.1016/j.neuropharm.2014.12.034
Derecki, N. C., Cronk, J. C., Lu, Z., Xu, E., Abbott, S. B. G., Guyenet, P. G.,
et al. (2012). Wild-type microglia arrest pathology in a mouse model of Rett
syndrome. Nature 484, 105–109. doi: 10.1038/nature10907
Frontiers in Human Neuroscience | www.frontiersin.org 20 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Del Rio-Hortega, P. (1919). El ‘‘tercer elemento’’ de los centros nerviosus. Bol. Soc.
Esp. Biol. 9, 69–120.
Del Rio-Hortega, P. (1932). ‘‘Microglia,’’ in Cytology and Cellular Pathology
of the Nervous System, ed. W. Penfield (New York, NY: Hoeber),
482–534.
De Sampaio E Spohr, T. C. L., Dezonne, R. S., Rehen, S. K., and Gomes, F. C. A.
(2011). Astrocytes treated by lysophosphatidic acid induce axonal outgrowth of
cortical progenitors through extracellular matrix protein and epidermal growth
factor signaling pathway. J. Neurochem. 119, 113–123. doi: 10.1111/j.1471-
4159.2011.07421.x
Dichter, G. S. (2012). Functional magnetic resonance imaging of autism spectrum
disorders. Dialogues Clin. Neurosci. 14, 319–351.
Dickson, B. J. (2002). Molecular mechanisms of axon guidance. Science 298,
1959–1964. doi: 10.1126/science.1072165
Doorn, K. J., Brevé, J. J. P., Drukarch, B., Boddeke, H. W., Huitinga, I.,
Lucassen, P. J., et al. (2015). Brain region-specific gene expression profiles in
freshly isolated rat microglia. Front. Cell. Neurosci. 9:84. doi: 10.3389/fncel.
2015.00084
Doorn, K. J., Lucassen, P. J., Boddeke, H. W., Prins, M., Berendse, H. W.,
Drukarch, B., et al. (2012). Emerging roles of microglial activation and
non-motor symptoms in Parkinson’s disease. Prog. Neurobiol. 98, 222–238.
doi: 10.1016/j.pneurobio.2012.06.005
Doorn, K. J., Moors, T., Drukarch, B., van de Berg, W. D., Lucassen, P. J., and
van Dam, A.-M. (2014). Microglial phenotypes and toll-like receptor 2 in
the substantia nigra and hippocampus of incidental Lewy body disease cases
and Parkinson’s disease patients. Acta Neuropathol. Commun. 2:90. doi: 10.
1186/s40478-014-0090-1
Dorrell, M. I., Aguilar, E., and Friedlander, M. (2002). Retinal vascular
development is mediated by endothelial filopodia, a preexisting astrocytic
template and specific R-cadherin adhesion. Invest. Ophthalmol. Vis. Sci. 43,
3500–3510.
Drukarch, B., Schepens, E., Stoof, J. C., Langeveld, C. H., andVanMuiswinkel, F. L.
(1998). Astrocyte-enhanced neuronal survival is mediated by scavenging of
extracellular reactive oxygen species. Free Radic. Biol. Med. 25, 217–220. doi: 10.
1016/s0891-5849(98)00050-1
Elmariah, S. B., Oh, E. J., Hughes, E. G., and Balice-Gordon, R. J. (2005).
Astrocytes regulate inhibitory synapse formation via Trk-mediatedmodulation
of postsynaptic GABAA receptors. J. Neurosci. 25, 3638–3650. doi: 10.
1523/JNEUROSCI.3980-04.2005
Elmore, M. R. P., Najafi, A. R., Koike, M. A., Dagher, N. N., Spangenberg, E. E.,
Rice, R. A., et al. (2014). Colony-stimulating factor 1 receptor signaling is
necessary for microglia viability, unmasking a microglia progenitor cell in the
adult brain. Neuron 82, 380–397. doi: 10.1016/j.neuron.2014.02.040
Eng, L. F., Ghirnikar, R. S., and Lee, Y. L. (2000). Glial fibrillary acidic protein:
GFAP-thirty-one years (1969-2000). Neurochem. Res. 25, 1439–1451. doi: 10.
1023/A:1007677003387
Erta, M., Quintana, A., and Hidalgo, J. (2012). Interleukin-6, a major cytokine
in the central nervous system. Int. J. Biol. Sci. 8, 1254–1266. doi: 10.7150/
ijbs.4679
Ethell, I. M., Irie, F., Kalo, M. S., Couchman, J. R., Pasquale, E. B.,
and Yamaguchi, Y. (2001). EphB/syndecan-2 signaling in dendritic spine
morphogenesis. Neuron 31, 1001–1013. doi: 10.1016/s0896-6273(01)00440-8
Eyo, U. B., and Wu, L.-J. (2013). Bidirectional microglia-neuron communication
in the healthy brain. Neural. Plast. 2013:456857. doi: 10.1155/2013/456857
Fantin, A., Vieira, J. M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., et al.
(2010). Tissue macrophages act as cellular chaperones for vascular anastomosis
downstream of VEGF-mediated endothelial tip cell induction. Blood 116,
829–840. doi: 10.1182/blood-2009-12-257832
Färber, K., Cheung, G., Mitchell, D., Wallis, R., Weihe, E., Schwaeble, W.,
et al. (2009). C1q, the recognition subcomponent of the classical pathway of
complement, drives microglial activation. J. Neurosci. Res. 87, 644–652. doi: 10.
1002/jnr.21875
Ferrer, I., Bernet, E., Soriano, E., del Rio, T., and Fonseca, M. (1990). Naturally
occurring cell death in the cerebral cortex of the rat and removal of dead
cells by transitory phagocytes. Neuroscience 39, 451–458. doi: 10.1016/0306-
4522(90)90281-8
Filosa, A., Paixão, S., Honsek, S. D., Carmona, M. A., Becker, L., Feddersen, B.,
et al. (2009). Neuron-glia communication via EphA4/ephrin-A3 modulates
LTP through glial glutamate transport. Nat. Neurosci. 12, 1285–1292. doi: 10.
1038/nn.2394
Foo, L. C., Allen, N. J., Bushong, E. A., Ventura, P. B., Chung, W.-S.,
Zhou, L., et al. (2011). Development of a method for the purification and
culture of rodent astrocytes. Neuron 71, 799–811. doi: 10.1016/j.neuron.2011.
07.022
Frade, J. M., and Barde, Y.-A. (1998).Microglia-derived nerve growth factor causes
cell death in the developing retina. Neuron 20, 35–41. doi: 10.1016/s0896-
6273(00)80432-8
Frei, K., Bodmer, S., Schwerdel, C., and Fontana, A. (1986). Astrocyte-derived
interleukin 3 as a growth factor for microglia cells and peritoneal macrophages.
J. Immunol. 137, 3521–3527.
Freeman,M. R. (2010). Specification andmorphogenesis of astrocytes. Science 330,
774–778. doi: 10.1126/science.1190928
Frick, L. R., Williams, K., and Pittenger, C. (2013). Microglial dysregulation
in psychiatric disease. Clin. Dev. Immunol. 2013:608654. doi: 10.
1155/2013/608654
Gadient, R. A., and Otten, U. H. (1997). Interleukin-6 (IL-6)—a molecule with
both beneficial and destructive potentials. Prog. Neurobiol. 52, 379–390. doi: 10.
1016/s0301-0082(97)00021-x
Ge, W.-P., Miyawaki, A., Gage, F. H., Jan, Y. N., and Jan, L. Y. (2012). Local
generation of glia is a major astrocyte source in postnatal cortex. Nature 484,
376–380. doi: 10.1038/nature10959
Gehrmann, J., Matsumoto, Y., and Kreutzberg, G. W. (1995). Microglia: intrinsic
immuneffector cell of the brain. Brain Res. Rev. 20, 269–287. doi: 10.1016/0165-
0173(94)00015-h
Gemma, C., and Bachstetter, A. D. (2013). The role of microglia in adult
hippocampal neurogenesis. Front. Cell. Neurosci. 7:229. doi: 10.3389/fncel.
2013.00229
Genoud, C., Quairiaux, C., Steiner, P., Hirling, H., Welker, E., and Knott, G. W.
(2006). Plasticity of astrocytic coverage and glutamate transporter expression
in adult mouse cortex. PLoS Biol. 4:e343. doi: 10.1371/journal.pbio.00
40343
Ghosh, A., and Shatz, C. J. (1993). A role for subplate neurons in the
patterning of connections from thalamus to neocortex. Development 117,
1031–1047.
Giaume, C., Fromaget, C., el Aoumari, A., Cordier, J., Glowinski, J., and Grost, D.
(1991). Gap junctions in cultured astrocytes: single-channel currents and
characterization of channel-forming protein. Neuron 6, 133–143. doi: 10.
1016/0896-6273(91)90128-m
Giffard, R. G., and Swanson, R. A. (2005). Ischemia-induced programmed
cell death in astrocytes. Glia 50, 299–306. doi: 10.1002/glia.
20167
Gill, A. S., and Binder, D. K. (2007). Wilder penfield, Pío del Río-hortega and the
discovery of oligodendroglia. Neurosurgery 60, 940–948. doi: 10.1227/01.NEU.
0000255448.97730.34
Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S.,
et al. (2010). Fate mapping analysis reveals that adult microglia derive
from primitive macrophages. Science 330, 841–845. doi: 10.1126/science.11
94637
Ginhoux, F., Lim, S., Hoeffel, G., Low, D., and Huber, T. (2013). Origin and
differentiation of microglia. Front. Cell. Neurosci. 7:45. doi: 10.3389/fncel.2013.
00045
Giulian, D., Young, D. G., Woodward, J., Brown, D., and Lachman, L. B. (1988).
Interleukin-1 is an astroglial growth factor in the developing brain. J. Neurosci.
8, 709–714.
Goldberg, J. L., Vargas, M. E., Wang, J. T., Mandemakers, W., Oster, S. F.,
Sretavan, D. W., et al. (2004). An oligodendrocyte lineage-specific
semaphorin, Sema5A, inhibits axon growth by retinal ganglion
cells. J. Neurosci. 24, 4989–4999. doi: 10.1523/JNEUROSCI.4390-03.
2004
Gonzalez-Burgos, G., and Lewis, D. A. (2008). GABA neurons and the
mechanisms of network oscillations: implications for understanding cortical
dysfunction in schizophrenia. Schizophr. Bull. 34, 944–961. doi: 10.
1093/schbul/sbn070
Goodman, C. S. (1996). Mechanisms and molecules that control growth cone
guidance. Annu. Rev. Neurosci. 19, 341–377. doi: 10.1146/annurev.neuro.
19.1.341
Frontiers in Human Neuroscience | www.frontiersin.org 21 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Götz, M., and Barde, Y.-A. (2005). Radial glial cells defined and major
intermediates between embryonic stem cells and CNS neurons. Neuron 46,
369–372. doi: 10.1016/j.neuron.2005.04.012
Green, H. F., and Nolan, Y. M. (2014). Inflammation and the developing
brain: consequences for hippocampal neurogenesis and behavior.
Neurosci. Biobehav. Rev. 40, 20–34. doi: 10.1016/j.neubiorev.2014.
01.004
Guy, J., Hendrich, B., Holmes, M., Martin, J. E., and Bird, A. (2001). A
mouse Mecp2-null mutation causes neurological symptoms that mimic Rett
syndrome. Nat. Genet. 27, 322–326. doi: 10.1038/85899
Hagerman, P. J., and Stafstrom, C. E. (2009). Origins of epilepsy in fragile
X syndrome. Epilepsy Curr. 9, 108–112. doi: 10.1111/j.1535-7511.2009.
01309.x
Hakola, H. P. (1972). Neuropsychiatric and genetic aspects of a new hereditary
disease characterized by progressive dementia and lipomembranous polycystic
osteodysplasia. Acta Psychiatr. Scand. Suppl. 232, 1–173.
Halassa, M. M., Fellin, T., and Haydon, P. G. (2007). The tripartite synapse: roles
for gliotransmission in health and disease. Trends Mol. Med. 13, 54–63. doi: 10.
1016/j.molmed.2006.12.005
Hama, H., Hara, C., Yamaguchi, K., and Miyawaki, A. (2004). PKC signaling
mediates global enhancement of excitatory synaptogenesis in neurons triggered
by local contact with astrocytes. Neuron 41, 405–415. doi: 10.1016/s0896-
6273(04)00007-8
Hammond, T. R., Gadea, A., Dupree, J., Kerninon, C., Nait-Oumesmar, B.,
Aguirre, A., et al. (2014). Astrocyte-derived endothelin-1 inhibits
remyelination through notch activation. Neuron 81, 588–602. doi: 10.
1016/j.neuron.2013.11.015
Hanisch, U.-K., and Kettenmann, H. (2007). Microglia: active sensor and versatile
effector cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387–1394.
doi: 10.1038/nn1997
Harrison, J. K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R. K.,
et al. (1998). Role for neuronally derived fractalkine in mediating interactions
between neurons and CX3CR1-expressing microglia. Proc. Natl. Acad. Sci.
U S A 95, 10896–10901. doi: 10.1073/pnas.95.18.10896
Haseloff, R. F., Blasig, I. E., Bauer, H. C., and Bauer, H. (2005). In search of the
astrocytic factor(s) modulating blood-brain barrier functions in brain capillary
endothelial cells in vitro. Cell. Mol. Neurobiol. 25, 25–39. doi: 10.1007/s10571-
004-1375-x
Hashimoto, D., Chow, A., Noizat, C., Teo, P., Beasley, M. B., Leboeuf, M., et al.
(2013). Tissue-resident macrophages self-maintain locally throughout adult life
withminimal contribution from circulatingmonocytes. Immunity 38, 792–804.
doi: 10.1016/j.immuni.2013.04.004
Herbomel, P., Thisse, B., and Thisse, C. (2001). Zebrafish early macrophages
colonize cephalic mesenchyme and developing brain, retina and epidermis
through a M-CSF receptor-dependent invasive process. Dev. Biol. 238,
274–288. doi: 10.1006/dbio.2001.0393
Herculano-Houzel, S. (2009). The human brain in numbers: a linearly
scaled-up primate brain. Front. Hum. Neurosci. 3:31. doi: 10.3389/neuro.09.
031.2009
Herculano-Houzel, S., Mota, B., and Lent, R. (2006). Cellular scaling rules for
rodent brains. Proc. Natl. Acad. Sci. U S A 103, 12138–12143. doi: 10.1073/pnas.
0604911103
Herculano-Houzel, S., Watson, C., and Paxinos, G. (2013). Distribution of
neurons in functional areas of the mouse cerebral cortex reveals quantitatively
different cortical zones. Front. Neuroanat. 7:35. doi: 10.3389/fnana.2013.
00035
Hewett, J. A. (2009). Determinants of regional and local diversity within the
astroglial lineage of the normal central nervous system. J. Neurochem. 110,
1717–1736. doi: 10.1111/j.1471-4159.2009.06288.x
Higashimori, H., Morel, L., Huth, J., Lindemann, L., Dulla, C., Taylor, A.,
et al. (2013). Astroglial FMRP-dependent translational down-regulation
of mGluR5 underlies glutamate transporter GLT1 dysregulation in the
fragile X mouse. Hum. Mol. Genet. 22, 2041–2054. doi: 10.1093/hmg/
ddt055
Hochreiter-Hufford, A., and Ravichandran, K. S. (2013). Clearing the dead:
apoptotic cell sensing, recognition, engulfment, and digestion. Cold Spring
Harb. Perspect. Biol. 5:a008748. doi: 10.1101/cshperspect.a008748
Hochstim, C., Deneen, B., Lukaszewicz, A., Zhou, Q., and Anderson, D. J. (2008).
Identification of positionally distinct astrocyte subtypes whose identities are
specified by a homeodomain code. Cell 133, 510–522. doi: 10.1016/j.cell.2008.
02.046
Hoek, R. M., Ruuls, S. R., Murphy, C. A., Wright, G. J., Goddard, R.,
Zurawski, S. M., et al. (2000). Down-regulation of the macrophage lineage
through interaction with OX2 (CD200). Science 290, 1768–1771. doi: 10.
1126/science.290.5497.1768
Hoshiko, M., Arnoux, I., Avignone, E., Yamamoto, N., and Audinat, E. (2012).
Deficiency of the microglial receptor CX3CR1 impairs postnatal functional
development of thalamocortical synapses in the barrel cortex. J. Neurosci. 32,
15106–15111. doi: 10.1523/JNEUROSCI.1167-12.2012
Hösli, L., Hösli, E., Winter, T., and Stauffer, S. (1994). Coexistence of cholinergic
and somatostatin receptors on astrocytes of rat CNS.Neuroreport 5, 1469–1472.
doi: 10.1097/00001756-199407000-00015
Ilschner, S., Nolte, C., and Kettenmann, H. (1996). Complement factor C5a and
epidermal growth factor trigger the activation of outward potassium currents
in cultured murine microglia. Neuroscience 73, 1109–1120. doi: 10.1016/0306-
4522(96)00107-8
Innocenti, G. M., Clarke, S., and Koppel, H. (1983). Transitory macrophages in the
whitematter of the developing visual cortex. II. Development and relations with
axonal pathways. Brain Res. 313, 55–66. doi: 10.1016/0165-3806(83)90201-8
Irwin, S. A., Galvez, R., and Greenough, W. T. (2000). Dendritic spine structural
anomalies in fragile-X mental retardation syndrome. Cereb. Cortex 10,
1038–1044. doi: 10.1093/cercor/10.10.1038
Ito, K., Urban, J., and Technau, G. M. (1995). Distribution, classification
and development ofDrosophila glial cells in the late embryonic and early
larval ventral nerve cord. Roux Arch. Dev. Biol. 204, 284–307. doi: 10.
1007/bf02179499
Jacobs, J. R. (2000). The midline glia of Drosophila: a molecular genetic model
for the developmental functions of Glia. Prog. Neurobiol. 62, 475–508. doi: 10.
1016/s0301-0082(00)00016-2
Jacobs, S., Nathwani, M., and Doering, L. C. (2010). Fragile X astrocytes
induce developmental delays in dendrite maturation and synaptic
protein expression. BMC Neurosci. 11:132. doi: 10.1186/1471-2202-
11-132
Jacobsen, C. T., and Miller, R. H. (2003). Control of astrocyte migration in
the developing cerebral cortex. Dev. Neurosci. 25, 207–216. doi: 10.1159/0000
72269
Jeong, H.-K., Ji, K., Min, K., and Joe, E.-H. (2013). Brain inflammation and
microglia: facts andmisconceptions. Exp. Neurobiol. 22, 59–67. doi: 10.5607/en.
2013.22.2.59
Jian, L., Nagarajan, L., de Klerk, N., Ravine, D., Bower, C., Anderson, A.,
et al. (2006). Predictors of seizure onset in Rett syndrome. J. Pediatr. 149,
542–547.e3. doi: 10.1016/j.jpeds.2006.06.015
Joly, S., Francke, M., Ulbricht, E., Beck, S., Seeliger, M., Hirrlinger, P., et al. (2009).
Cooperative phagocytes: resident microglia and bone marrow immigrants
remove dead photoreceptors in retinal lesions. Am. J. Pathol. 174, 2310–2323.
doi: 10.2353/ajpath.2009.090023
Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., Kreutzberg, G. W., Sher, A.,
et al. (2000). Analysis of fractalkine receptor CX3CR1 function by targeted
deletion and green fluorescent protein reporter gene insertion. Mol. Cell. Biol.
20, 4106–4114. doi: 10.1128/mcb.20.11.4106-4114.2000
Jung, W. H., Kang, D.-H., Kim, E., Shin, K. S., Jang, J. H., and Kwon, J. S.
(2013). Abnormal corticostriatal-limbic functional connectivity in
obsessive-compulsive disorder during reward processing and resting-state.
Neuroimage Clin. 3, 27–38. doi: 10.1016/j.nicl.2013.06.013
Jung, S., and Schwartz, M. (2012). Non-identical twins—microglia and
monocyte-derived macrophages in acute injury and autoimmune
inflammation. Front. Immunol. 3:89. doi: 10.3389/fimmu.2012.
00089
Kacem, K., Lacombe, P., Seylaz, J., and Bonvento, G. (1998). Structural
organization of the perivascular astrocyte endfeet and their relationship
with the endothelial glucose transporter: a confocal microscopy study.
Glia 23, 1–10. doi: 10.1002/(SICI)1098-1136(199805)23:1<1::AID-GLIA1 >3.
3.CO;2-Q
Kaech, S., and Banker, G. (2006). Culturing hippocampal neurons. Nat. Protoc. 1,
2406–2415. doi: 10.1038/nprot.2006.356
Kálmán, M., and Hajós, F. (1989). Distribution of glial fibrillary acidic protein
(GFAP)-immunoreactive astrocytes in the rat brain. I. Forebrain. Exp. brain
Res. 78, 147–163. doi: 10.1007/bf00230694
Frontiers in Human Neuroscience | www.frontiersin.org 22 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Kandel, E. R., Schwartz, J. H., and Jessell, T. M. (2000). Principles of Neural Science.
New York, NY: McGraw-Hill, Health Professions Division.
Kanski, R., van Strien,M. E., Van Tijn, P., andHol, E.M. (2014). A star is born: new
insights into the mechanism of astrogenesis. Cell. Mol. Life Sci. 71, 433–447.
doi: 10.1007/s00018-013-1435-9
Kaur, C., Hao, A. J.,Wu, C. H., and Ling, E. A. (2001). Origin of microglia.Microsc.
Res. Tech. 54, 2–9. doi: 10.1002/jemt.1114
Kettenmann, H., Hanisch, U.-K., Noda, M., and Verkhratsky, A. (2011).
Physiology of microglia. Physiol. Rev. 91, 461–553. doi: 10.1152/physrev.000
11.2010
Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new roles
for the synaptic stripper. Neuron 77, 10–18. doi: 10.1016/j.neuron.2012.12.023
Kidd, T., Bland, K. S., and Goodman, C. S. (1999). Slit is the midline repellent
for the robo receptor in Drosophila. Cell 96, 785–794. doi: 10.1016/s0092-
8674(00)80589-9
Kidd, T., Russell, C., Goodman, C. S., and Tear, G. (1998). Dosage-sensitive
and complementary functions of roundabout and commissureless control
axon crossing of the CNS midline. Neuron 20, 25–33. doi: 10.1016/s0896-
6273(00)80431-6
Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E. G.,
et al. (2013). Microglia emerge from erythromyeloid precursors via Pu.1-
and Irf8-dependent pathways. Nat. Neurosci. 16, 273–280. doi: 10.1038/
nn.3318
Kim, J.-Y., Ash, R. T., Ceballos-Diaz, C., Levites, Y., Golde, T. E., Smirnakis, S. M.,
et al. (2013). Viral transduction of the neonatal brain delivers controllable
genetic mosaicism for visualising and manipulating neuronal circuits in vivo.
Eur. J. Neurosci. 37, 1203–1220. doi: 10.1111/ejn.12126
Kimelberg, H. K. (2004). The problem of astrocyte identity. Neurochem. Int. 45,
191–202. doi: 10.1016/j.neuint.2003.08.015
Kitayama, M., Ueno, M., Itakura, T., and Yamashita, T. (2011). Activated
microglia inhibit axonal growth through RGMa. PLoS One 6:e25234. doi: 10.
1371/journal.pone.0025234
Kölliker, A. (1889). Handbuch der Gewebelehre des Menschen. J. Anat. Physiol. 2,
1–898.
Koronyo-Hamaoui, M., Koronyo, Y., Ljubimov, A. V., Miller, C. A., Ko, M. K.,
Black, K. L., et al. (2011). Identification of amyloid plaques in retinas from
Alzheimer’s patients and noninvasive in vivo optical imaging of retinal plaques
in a mouse model.Neuroimage 54, S204–S217. doi: 10.1016/j.neuroimage.2010.
06.020
Korzhevskii, D. E., and Kirik, O. V. (2016). Brain microglia and microglial
markers. Neurosci. Behav. Physiol. 46, 284–290. doi: 10.1007/s11055-016-
0231-z
Koushik, S. V., Wang, J., Rogers, R., Moskophidis, D., Lambert, N. A.,
Creazzo, T. L., et al. (2001). Targeted inactivation of the sodium-calcium
exchanger (Ncx1) results in the lack of a heartbeat and abnormal myofibrillar
organization. FASEB J. 15, 1209–1211. doi: 10.1096/fj.00-0696fje
Kozlov, A. S., Angulo, M. C., Audinat, E., and Charpak, S. (2006). Target
cell-specific modulation of neuronal activity by astrocytes. Proc. Natl. Acad.
Sci. U S A 103, 10058–10063. doi: 10.1073/pnas.0603741103
Kraft, A. W., Hu, X., Yoon, H., Yan, P., Xiao, Q., Wang, Y., et al.
(2013). Attenuating astrocyte activation accelerates plaque pathogenesis in
APP/PS1 mice. FASEB J. 27, 187–198. doi: 10.1096/fj.12-208660
Kreutzberg, G. W. (1996). Microglia: a sensor for pathological events in the CNS.
Trends Neurosci. 19, 312–318. doi: 10.1016/0166-2236(96)10049-7
Kriegstein, A. R., and Noctor, S. C. (2004). Patterns of neuronal migration in
the embryonic cortex. Trends Neurosci. 27, 392–399. doi: 10.1016/j.tins.2004.
05.001
Krueger, B. K., Burne, J. F., and Raff, M. C. (1995). Evidence for
large-scale astrocyte death in the developing cerebellum. J. Neurosci. 15,
3366–3374.
Kucukdereli, H., Allen, N. J., Lee, A. T., Feng, A., Ozlu, M. I., Conatser, L. M.,
et al. (2011). Control of excitatory CNS synaptogenesis by astrocyte-secreted
proteins Hevin and SPARC. Proc. Natl. Acad. Sci. U S A 108, E440–E449.
doi: 10.1073/pnas.1104977108
Kumar, A., Swanwick, C. C., Johnson, N., Menashe, I., Basu, S. N., Bales, M. E.,
et al. (2011). A brain region-specific predictive gene map for autism derived by
profiling a reference gene set. PLoS One 6:e28431. doi: 10.1371/journal.pone.
0028431
Kurz, H., and Christ, B. (1998). Embryonic CNS macrophages and microglia do
not stem from circulating, but from extravascular precursors. Glia 22, 98–102.
doi: 10.1002/(SICI)1098-1136(199801)22:1<98::AID-GLIA10>3.0.CO;2-V
Lee, H. S., Han, J., Bai, H. J., and Kim, K. W. (2009). Brain angiogenesis in
developmental and pathological processes: regulation, molecular and cellular
communication at the neurovascular interface. FEBS J. 276, 4622–4635. doi: 10.
1111/j.1742-4658.2009.07174.x
Lee, S. C., Liu, W., Brosnan, C. F., and Dickson, D. W. (1994). GM-CSF promotes
proliferation of human fetal and adult microglia in primary cultures. Glia 12,
309–318. doi: 10.1002/glia.440120407
Lee, S. M., Nguyen, T. H., Park, M. H., Kim, K. S., Cho, K. J., Moon, D. C.,
et al. (2004). EPO receptor-mediated ERK kinase and NF-κB activation in
erythropoietin-promoted differentiation of astrocytes. Biochem. Biophys. Res.
Commun. 320, 1087–1095. doi: 10.1016/j.bbrc.2004.06.060
Lenhossek, M. V. (1891). Zur kenntnis der neuroglia des menschlichen
ruckenmarkes. Verh. Anat. Ges. 5, 193–221.
Lenz, K. M., and McCarthy, M. M. (2015). A starring role for microglia in
brain sex differences. Neuroscientist 21, 306–321. doi: 10.1177/10738584145
36468
Lenz, K.M., Nugent, B.M., Haliyur, R., andMcCarthy,M.M. (2013).Microglia are
essential to masculinization of brain and behavior. J. Neurosci. 33, 2761–2772.
doi: 10.1523/JNEUROSCI.1268-12.2013
Levitt, P., and Rakic, P. (1980). Immunoperoxidase localization of glial fibrillary
acidic protein in radial glial cells and astrocytes of the developing rhesus
monkey brain. J. Comp. Neurol. 193, 815–840. doi: 10.1002/cne.901930316
Lewis, P. D. (1968). The fate of the subependymal cell in the adult rat brain,
with a note on the origin of microglia. Brain 91, 721–736. doi: 10.1093/brain/
91.4.721
Li, Y., Du, X.-F., Liu, C.-S., Wen, Z.-L., and Du, J.-L. (2012). Reciprocal regulation
between resting microglial dynamics and neuronal activity in vivo.Dev. Cell 23,
1189–1202. doi: 10.1016/j.devcel.2012.10.027
Li, Y., Xia, Y., Wang, Y., Mao, L., Gao, Y., He, Q., et al. (2013). Sonic hedgehog
(Shh) regulates the expression of angiogenic growth factors in oxygen-glucose-
deprived astrocytes by mediating the nuclear receptor NR2F2.Mol. Neurobiol.
47, 967–975. doi: 10.1007/s12035-013-8395-9
Liesi, P., and Silver, J. (1988). Is astrocyte laminin involved in axon guidance
in the mammalian CNS? Dev. Biol. 130, 774–785. doi: 10.1016/0012-1606(88)
90366-1
Lim, S. H., Park, E., You, B., Jung, Y., Park, A. R., Park, S. G., et al. (2013).
Neuronal synapse formation induced by microglia and interleukin 10. PLoS
One 8:e81218. doi: 10.1371/journal.pone.0081218
Lin, H., Lee, E., Hestir, K., Leo, C., Huang, M., Bosch, E., et al. (2008).
Discovery of a cytokine and its receptor by functional screening of
the extracellular proteome. Science 320, 807–811. doi: 10.1126/science.11
54370
Lioy, D. T., Garg, S. K., Monaghan, C. E., Raber, J., Foust, K. D., Kaspar, B. K.,
et al. (2011). A role for glia in the progression of Rett’s syndrome. Nature 475,
497–500. doi: 10.1038/nature10214
Lu, X., Le Noble, F., Yuan, L., Jiang, Q., De Lafarge, B., Sugiyama, D., et al.
(2004). The netrin receptor UNC5B mediates guidance events controlling
morphogenesis of the vascular system. Nature 432, 179–186. doi: 10.
1038/nature03080
Lucin, K. M., and Wyss-Coray, T. (2009). Immune activation in brain aging and
neurodegeneration: too much or too little? Neuron 64, 110–122. doi: 10.1016/j.
neuron.2009.08.039
Lushnikova, I., Skibo, G., Muller, D., and Nikonenko, I. (2009). Synaptic
potentiation induces increased glial coverage of excitatory synapses
in CA1 hippocampus. Hippocampus 19, 753–762. doi: 10.1002/hipo.
20551
Lyck, L., Santamaria, I. D., Pakkenberg, B., Chemnitz, J., Schrøder, H. D.,
Finsen, B., et al. (2009). An empirical analysis of the precision of estimating the
numbers of neurons and glia in human neocortex using a fractionator-design
with sub-sampling. J. Neurosci. Methods 182, 143–156. doi: 10.1016/j.jneumeth.
2009.06.003
Lyons, A., Downer, E. J., Crotty, S., Nolan, Y. M., Mills, K. H. G., and Lynch, M. A.
(2007). CD200 ligand receptor interaction modulates microglial activation
in vivo and in vitro: a role for IL-4. J. Neurosci. 27, 8309–8313. doi: 10.
1523/JNEUROSCI.1781-07.2007
Frontiers in Human Neuroscience | www.frontiersin.org 23 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Ma, T. M., Abazyan, S., Abazyan, B., Nomura, J., Yang, C., Seshadri, S.,
et al. (2013). Pathogenic disruption of DISC1-serine racemase binding
elicits schizophrenia-like behavior via D-serine depletion. Mol. Psychiatry 18,
557–567. doi: 10.1038/mp.2012.97
Ma, S., Kwon, H. J., and Huang, Z. (2012). A functional requirement for astroglia
in promoting blood vessel development in the early postnatal brain. PLoS One
7:e48001. doi: 10.1371/journal.pone.0048001
Madore, C., Joffre, C., Delpech, J. C., De Smedt-Peyrusse, V., Aubert, A., Coste, L.,
et al. (2013). Earlymorphofunctional plasticity of microglia in response to acute
lipopolysaccharide. Brain Behav. Immun. 34, 151–158. doi: 10.1016/j.bbi.2013.
08.008
Maezawa, I., and Jin, L.-W. (2010). Rett syndrome microglia damage dendrites
and synapses by the elevated release of glutamate. J. Neurosci. 30, 5346–5356.
doi: 10.1523/JNEUROSCI.5966-09.2010
Maezawa, I., Swanberg, S., Harvey, D., LaSalle, J. M., and Jin, L.-W. (2009).
Rett syndrome astrocytes are abnormal and spread MeCP2 deficiency through
gap junctions. J. Neurosci. 29, 5051–5061. doi: 10.1523/JNEUROSCI.0324-
09.2009
Malatesta, P., Hack, M. A., Hartfuss, E., Kettenmann, H., Klinkert, W.,
Kirchhoff, F., et al. (2003). Neuronal or glial progenyregional differences
in radial glia fate. Neuron 37, 751–764. doi: 10.1016/S0896-6273(03)
00116-8
Malatesta, P., Hartfuss, E., and Götz, M. (2000). Isolation of radial glial cells by
fluorescent-activated cell sorting reveals a neuronal lineage. Development 127,
5253–5263.
Mamber, C., Kamphuis, W., Haring, N. L., Peprah, N., Middeldorp, J., and
Hol, E. M. (2012). GFAPδ expression in glia of the developmental and
adolescent mouse brain. PLoS One 7:e52659. doi: 10.1371/journal.pone.
0052659
Mancuso, M. R., Kuhnert, F., and Kuo, C. J. (2008). Developmental angiogenesis
of the central nervous system. Lymphat. Res. Biol. 6, 173–180. doi: 10.1089/lrb.
2008.1014
Manoharan-Valerio,M. A., Colon, J., Martinez, N., Quiroz, E., andNoel, R. (2013).
Astrocytes expressing Nef promote apoptosis and SMAD signaling in neurons.
FASEB J. 27:lb213.
Marín-Teva, J. L., Dusart, I., Colin, C., Gervais, A., van Rooijen, N., andMallat, M.
(2004). Microglia promote the death of developing Purkinje cells. Neuron 41,
535–547. doi: 10.1016/s0896-6273(04)00069-8
Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S., Spinrad, A.,
Sarrazin, S., et al. (2016). Microglia development follows a stepwise program to
regulate brain homeostasis. Science 353:aad8670. doi: 10.1126/science.aad8670
Matthias, K., Kirchhoff, F., Seifert, G., Hüttmann, K., Matyash, M.,
Kettenmann, H., et al. (2003). Segregated expression of AMPA-type glutamate
receptors and glutamate transporters defines distinct astrocyte populations in
the mouse hippocampus. J. Neurosci. 23, 1750–1758.
Mauch, D. H., Nägler, K., Schumacher, S., Göritz, C., Müller, E. C., Otto, A., et al.
(2001). CNS synaptogenesis promoted by glia-derived cholesterol. Science 294,
1354–1357. doi: 10.1126/science.294.5545.1354
Meyer, U., Feldon, J., Schedlowski, M., and Yee, B. K. (2006a). Immunological
stress at the maternal-foetal interface: a link between neurodevelopment and
adult psychopathology. Brain Behav. Immun. 20, 378–388. doi: 10.1016/j.bbi.
2005.11.003
Meyer, U., Nyffeler, M., Engler, A., Urwyler, A., Schedlowski, M., Knuesel, I., et al.
(2006b). The time of prenatal immune challenge determines the specificity
of inflammation-mediated brain and behavioral pathology. J. Neurosci. 26,
4752–4762. doi: 10.1523/JNEUROSCI.0099-06.2006
Meyer-Franke, A., Kaplan, M. R., Pfrieger, F. W., and Barres, B. A. (1995).
Characterization of the signaling interactions that promote the survival and
growth of developing retinal ganglion cells in culture. Neuron 15, 805–819.
doi: 10.1016/0896-6273(95)90172-8
Michaelson, M., Bieri, P., Mehler, M., Xu, H., Arezzo, J., Pollard, J., et al. (1996).
CSF-1 deficiency in mice results in abnormal brain development. Development
122, 2661–2672.
Middeldorp, J., andHol, E.M. (2011). GFAP in health and disease. Prog. Neurobiol.
93, 421–443. doi: 10.1016/j.pneurobio.2011.01.005
Miller, F. D., and Gauthier, A. S. (2007). Timing is everything: making neurons
versus glia in the developing cortex.Neuron 54, 357–369. doi: 10.1016/j.neuron.
2007.04.019
Miller, R. H., and Raff, M. C. (1984). Fibrous and protoplasmic astrocytes are
biochemically and developmentally distinct. J. Neurosci. 4, 585–592.
Mitterauer, B. (2005). Nonfunctional glial proteins in tripartite synapses: a
pathophysiological model of schizophrenia. Neurosci. 11, 192–198. doi: 10.
1177/1073858404265745
Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, K., Murakoshi, H.,
et al. (2016). Microglia contact induces synapse formation in developing
somatosensory cortex. Nat. Commun. 7:12540. doi: 10.1038/ncomms12540
Molofsky, A. V., and Deneen, B. (2015). Astrocyte development: a Guide for the
Perplexed. Glia 63, 1320–1329. doi: 10.1002/glia.22836
Molofsky, A. V., Kelley, K. W., Tsai, H.-H., Redmond, S. A., Chang, S. M.,
Madireddy, L., et al. (2014). Astrocyte-encoded positional cues maintain
sensorimotor circuit integrity. Nature 509, 189–194. doi: 10.1038/nature
13161
Molofsky, A. V., Krenick, R., Ullian, E., Tsai, H. H., Deneen, B., Richardson,W. D.,
et al. (2012). Astrocytes and disease: a neurodevelopmental perspective. Genes
Dev. 26, 891–907. doi: 10.1101/gad.188326.112
Monier, A., Adle-Biassette, H., Delezoide, A.-L., Evrard, P., Gressens, P., and
Verney, C. (2007). Entry and distribution of microglial cells in human
embryonic and fetal cerebral cortex. J. Neuropathol. Exp. Neurol. 66, 372–382.
doi: 10.1097/nen.0b013e3180517b46
Mori, S., and Leblond, C. P. (1969). Identification of microglia in light and
electron microscopy. J. Comp. Neurol. 135, 57–80. doi: 10.1002/cne.9013
50104
Moujahid, A., Navascués, J., Marín-Teva, J. L., and Cuadros, M. A. (1996).
Macrophages during avian optic nerve development: relationship to cell death
and differentiation into microglia. Anat. Embryol. (Berl) 193, 131–144. doi: 10.
1007/bf00214704
Murai, K. K., and Pasquale, E. B. (2011). Eph receptors and ephrins in
neuron-astrocyte communication at synapses. Glia 59, 1567–1578. doi: 10.
1002/glia.21226
Muroyama, Y., Fujiwara, Y., Orkin, S. H., and Rowitch, D. H. (2005). Specification
of astrocytes by bHLH protein SCL in a restricted region of the neural tube.
Nature 438, 360–363. doi: 10.1038/nature04139
Nakamura-Ishizu, A., Kurihara, T., Okuno, Y., Ozawa, Y., Kishi, K., Goda, N., et al.
(2012). The formation of an angiogenic astrocyte template is regulated by the
neuroretina in a HIF-1-dependent manner. Dev. Biol. 363, 106–114. doi: 10.
1016/j.ydbio.2011.12.027
Nakanishi, M., Niidome, T., Matsuda, S., Akaike, A., Kihara, T., and
Sugimoto, H. (2007). Microglia-derived interleukin-6 and leukaemia
inhibitory factor promote astrocytic differentiation of neural stem/progenitor
cells. Eur. J. Neurosci. 25, 649–658. doi: 10.1111/j.1460-9568.2007.
05309.x
Nandi, S., Gokhan, S., Dai, X.-M., Wei, S., Enikolopov, G., Lin, H., et al. (2012).
The CSF-1 receptor ligands IL-34 and CSF-1 exhibit distinct developmental
brain expression patterns and regulate neural progenitor cell maintenance
and maturation. Dev. Biol. 367, 100–113. doi: 10.1016/j.ydbio.2012.
03.026
Navascués, J., Calvente, R., Marín-Teva, J. L., and Cuadros, M. A. (2000).
Entry, dispersion and differentiation of microglia in the developing central
nervous system. An. Acad. Bras. Cienc. 72, 91–102. doi: 10.1590/s0001-
37652000000100013
Nedergaard, M., Ransom, B., and Goldman, S. A. (2003). New roles for astrocytes:
redefining the functional architecture of the brain. Trends Neurosci. 26,
523–530. doi: 10.1016/j.tins.2003.08.008
Neuhaus, J., Risau, W., and Wolburg, H. (1991). Induction of blood-brain
barrier characteristics in bovine brain endothelial cells by rat astroglial cells
in transfilter coculture. Ann. N Y Acad. Sci. 633, 578–580. doi: 10.1111/j.1749-
6632.1991.tb15667.x
Newman, E. A. (2003). New roles for astrocytes: regulation of synaptic
transmission. Trends Neurosci. 26, 536–542. doi: 10.1016/s0166-
2236(03)00237-6
Nimchinsky, E. A., Oberlander, A. M., and Svoboda, K. (2001). Abnormal
development of dendritic spines in FMR1 knock-out mice. J. Neurosci. 21,
5139–5146.
Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314–1318. doi: 10.1126/science.1110647
Frontiers in Human Neuroscience | www.frontiersin.org 24 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Nishiyama, H., Knopfel, T., Endo, S., and Itohara, S. (2002). Glial protein S100B
modulates long-term neuronal synaptic plasticity. Proc. Natl. Acad. Sci. U S A
99, 4037–4042. doi: 10.1073/pnas.052020999
Nishiyama, A., Yang, Z., and Butt, A. (2005). Astrocytes and NG2-glia:
what’s in a name? J. Anat. 207, 687–693. doi: 10.1111/j.1469-7580.2005.
00489.x
Nissl, F. (1899). Ueber einige beziehungen zwischen Nervenzellerkrankungen
und gliissen Erscheinungen bei verschiedenen Psychosen. Arch. Psychiat.
32, 1–21.
Noctor, S. C., Martínez-Cerdeño, V., Ivic, L., and Kriegstein, A. R. (2004).
Cortical neurons arise in symmetric and asymmetric division zones and
migrate through specific phases. Nat. Neurosci. 7, 136–144. doi: 10.1038/
nn1172
Noctor, S. C., Martínez-Cerdeño, V., and Kriegstein, A. R. (2008). Distinct
behaviors of neural stem and progenitor cells underlie cortical neurogenesis.
J. Comp. Neurol. 508, 28–44. doi: 10.1002/cne.21669
Oh, J., McCloskey, M. A., Blong, C. C., Bendickson, L., Nilsen-Hamilton, M.,
and Sakaguchi, D. S. (2010). Astrocyte-derived interleukin-6 promotes specific
neuronal differentiation of neural progenitor cells from adult hippocampus.
J. Neurosci. Res. 88, 2798–2809. doi: 10.1002/jnr.22447
Oppenheim, R. W. (1991). Cell death during development of the nervous
system. Annu. Rev. Neurosci. 14, 453–501. doi: 10.1146/annurev.neuro.14.
1.453
Oppenheim, R. W., and Johnson, J. E. (2003). Programmed Cell Death and
Neurotrophic Factors. Elsevier: Academic Press.
Orre, M., Kamphuis, W., Osborn, L. M., Melief, J., Kooijman, L., Huitinga, I.,
et al. (2014). Acute isolation and transcriptome characterization of cortical
astrocytes and microglia from young and aged mice.Neurobiol. Aging 35, 1–14.
doi: 10.1016/j.neurobiolaging.2013.07.008
Ortinski, P. I., Dong, J., Mungenast, A., Yue, C., Takano, H., Watson, D. J., et al.
(2010). Selective induction of astrocytic gliosis generates deficits in neuronal
inhibition. Nat. Neurosci. 13, 584–591. doi: 10.1038/nn.2535
Owen, M. J., O’Donovan, M. C., Thapar, A., and Craddock, N. (2011).
Neurodevelopmental hypothesis of schizophrenia. Br. J. Psychiatry 198,
173–175. doi: 10.1192/bjp.bp.110.084384
Pacey, L. K. K., and Doering, L. C. (2007). Developmental expression of FMRP in
the astrocyte lineage: implications for fragile X syndrome. Glia 55, 1601–1609.
doi: 10.1002/glia.20573
Paloneva BM, J., Autti, T., Raininko, R., Partanen, J., Salonen, O., Puranen, M.,
et al. (2001). CNS manifestations of Nasu-Hakola disease: a frontal
dementia with bone cysts. Neurology 56, 1552–1558. doi: 10.1212/WNL.56.
11.1552
Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P.,
et al. (2011). Synaptic pruning by microglia is necessary for normal brain
development. Science 333, 1456–1458. doi: 10.1126/science.1202529
Pap, M., and Cooper, G. M. (1998). Role of glycogen synthase Kinase-3 in the
phosphatidylinositol 3-Kinase/Akt cell survival pathway. J. Biol. Chem. 273,
19929–19932. doi: 10.1074/jbc.273.32.19929
Park, M. H., Lee, S. M., Lee, J. W., Son, D. J., Moon, D. C., Yoon, D. Y., et al. (2006).
ERK-mediated production of neurotrophic factors by astrocytes promotes
neuronal stem cell differentiation by erythropoietin. Biochem. Biophys. Res.
Commun. 339, 1021–1028. doi: 10.1016/j.bbrc.2005.10.218
Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III., Lafaille, J. J., et al.
(2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.
2013.11.030
Pascual, O., Ben Achour, S., Rostaing, P., Triller, A., and Bessis, A. (2012).
Microglia activation triggers astrocyte-mediated modulation of excitatory
neurotransmission. Proc. Natl. Acad. Sci. U S A 109, E197–E205. doi: 10.
1073/pnas.1111098109
Patan, S. (2000). Vasculogenesis and angiogenesis as mechanisms of vascular
network formation, grwoth and remodeling. J. Neurooncol. 50, 1–15. doi: 10.
1023/A:1006493130855
Pelvig, D. P., Pakkenberg, H., Stark, A. K., and Pakkenberg, B. (2008). Neocortical
glial cell numbers in human brains. Neurobiol. Aging 29, 1754–1762. doi: 10.
1016/j.neurobiolaging.2007.04.013
Peri, F., and Nüsslein-Volhard, C. (2008). Live imaging of neuronal degradation
by microglia reveals a role for v0-ATPase a1 in phagosomal fusion in vivo. Cell
133, 916–927. doi: 10.1016/j.cell.2008.04.037
Perry, V. H., Hume, D. A., and Gordon, S. (1985). Immunohistochemical
localization of macrophages and microglia in the adult and developing mouse
brain. Neuroscience 15, 313–326. doi: 10.1016/0306-4522(85)90215-5
Peunova, N., and Enikolopov, G. (1995). Nitric oxide triggers a switch to growth
arrest during differentiation of neuronal cells. Nature 375, 68–73. doi: 10.
1038/375068a0
Pfrieger, F. W., and Barres, B. A. (1995). What the fly’s glia tell the fly’s brain. Cell
83, 671–674. doi: 10.1016/0092-8674(95)90178-7
Pfrieger, F. W., and Barres, B. A. (1997). Synaptic efficacy enhanced by
glial cells in vitro. Science 277, 1684–1687. doi: 10.1126/science.277.53
32.1684
Pollard, J. W. (2009). Trophic macrophages in development and disease. Nat. Rev.
Immunol. 9, 259–270. doi: 10.1038/nri2528
Ponti, G., Obernier, K., Guinto, C., Jose, L., Bonfanti, L., and Alvarez-Buylla, A.
(2013). Cell cycle and lineage progression of neural progenitors in the
ventricular-subventricular zones of adult mice. Proc. Natl. Acad. Sci. U S A 110,
E1045–E1054. doi: 10.1073/pnas.1219563110
Pont-Lezica, L., Béchade, C., Belarif-Cantaut, Y., Pascual, O., and Bessis, A.
(2011). Physiological roles ofmicroglia during development. J. Neurochem. 119,
901–908. doi: 10.1111/j.1471-4159.2011.07504.x
Pont-Lezica, L., Beumer, W., Colasse, S., Drexhage, H., Versnel, M., and Bessis, A.
(2014). Microglia shape corpus callosum axon tract fasciculation: functional
impact of prenatal inflammation. Eur. J. Neurosci. 39, 1551–1557. doi: 10.
1111/ejn.12508
Porter, J. T., and McCarthy, K. D. (1996). Hippocampal astrocytes in situ respond
to glutamate released from synaptic terminals. J. Neurosci. 16, 5073–5081.
Powell, E. M., and Geller, H. M. (1999). Dissection of astrocyte-mediated
cues in neuronal guidance and process extension. Glia 26, 73–83. doi: 10.
1002/(sici)1098-1136(199903)26:1<73::aid-glia8>3.0.co;2-s
Raivich, G. (2005). Like cops on the beat: the active role of restingmicroglia.Trends
Neurosci. 28, 571–573. doi: 10.1016/j.tins.2005.09.001
Rajkowska, G., and Miguel-Hidalgo, J. J. (2007). Gliogenesis and glial pathology
in depression. CNS Neurol. Disord. Drug Targets 6, 219–233. doi: 10.
2174/187152707780619326
Ramon, Y., and Cajal, S. (1909). Histologie du systeme nerveux
de l’homme and des vertebres. ol. 1. Available online at:
http://www.biodiversitylibrary.org/item/103261#page/9/mode/1up
Ransohoff, R. M. (2011). Microglia and monocytes: ’tis plain the twain meet in the
brain. Nat. Neurosci. 14, 1098–1100. doi: 10.1038/nn.2917
Ransohoff, R. M., and Brown, M. A. (2012). Innate immunity in the
central nervous system. J. Clin. Invest. 122, 1164–1171. doi: 10.1172/
JCI58644
Ransohoff, R. M., and Perry, V. H. (2009). Microglial physiology: unique stimuli,
specialized responses.Annu. Rev. Immunol. 27, 119–145. doi: 10.1146/annurev.
immunol.021908.132528
Rezaie, P. (2003). Microglia in the human nervous system during development.
Neuroembryology 2, 18–31. doi: 10.1159/000068498
Rezaie, P., and Male, D. (2002). Mesoglia and microglia–a historical review of the
concept of mononuclear phagocytes within the central nervous system. J. Hist.
Neurosci. 11, 325–374. doi: 10.1076/jhin.11.4.325.8531
Rezaie, P., Patel, K., and Male, D. (1999). Microglia in the human fetal spinal
cord—patterns of distribution, morphology and phenotype. Dev. Brain Res.
115, 71–81. doi: 10.1016/s0165-3806(99)00043-7
Rezaie, P., Trillo-Pazos, G., Greenwood, J., Everall, I. P., and Male, D. K. (2002).
Motility and ramification of human fetal microglia in culture: an investigation
using time-lapse video microscopy and image analysis. Exp. Cell Res. 274,
68–82. doi: 10.1006/excr.2001.5431
Ribeiro Xavier, A. L., Kress, B. T., Goldman, S. A., Lacerda de Menezes, J. R.,
and Nedergaard, M. (2015). A distinct population of microglia supports adult
neurogenesis in the subventricular zone. J. Neurosci. 35, 11848–118461. doi: 10.
1523/JNEUROSCI.1217-15.2015
Rigato, C., Buckinx, R., Le-Corronc, H., Rigo, J. M., and Legendre, P. (2011).
Pattern of invasion of the embryonic mouse spinal cord by microglial cells at
the time of the onset of functional neuronal networks.Glia 59, 675–695. doi: 10.
1002/glia.21140
Risau, W. (1997). Mechanism of angiogenesis. Nature 386, 671–674. doi: 10.
1038/386671a0
Ritzel, R. M., Patel, A. R., Grenier, J. M., Crapser, J., Verma, R., Jellison, E. R.,
et al. (2015). Functional differences between microglia and monocytes
Frontiers in Human Neuroscience | www.frontiersin.org 25 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
after ischemic stroke. J. Neuroinflammation 12:106. doi: 10.1186/s12974-015-
0329-1
Robel, S., Buckingham, S. C., Boni, J. L., Campbell, S. L., Danbolt, N. C.,
Riedemann, T., et al. (2015). Reactive astrogliosis causes the development of
spontaneous seizures. J. Neurosci. 35, 3330–3345. doi: 10.1523/JNEUROSCI.
1574-14.2015
Robertson, W. (1899). On a new method of obtaining a black reaction in certain
tissue-elements of the central nervous system. Scottish Med. Surg. J. 4:23.
Roumier, A., Béchade, C., Poncer, J.-C., Smalla, K.-H., Tomasello, E., Vivier, E.,
et al. (2004). Impaired synaptic function in the microglial KARAP/DAP12-
deficient mouse. J. Neurosci. 24, 11421–11428. doi: 10.1523/jneurosci.2251-04.
2004
Roumier, A., Pascual, O., Béchade, C., Wakselman, S., Poncer, J.-C., Réal, E.,
et al. (2008). Prenatal activation of microglia induces delayed impairment of
glutamatergic synaptic function. PLoS One 3:e2595. doi: 10.1371/journal.pone.
0002595
Rubin, L. L., Hall, D. E., Porter, S., Barbu, K., Cannon, C., Horner, H. C., et al.
(1991). A cell culture model of the blood-brain barrier. J. Cell Biol. 115,
1725–1735. doi: 10.1083/jcb.115.6.1725
Rymo, S. F., Gerhardt, H., Wolfhagen Sand, F., Lang, R., Uv, A., and Betsholtz, C.
(2011). A two-way communication between microglial cells and angiogenic
sprouts regulates angiogenesis in aortic ring cultures. PLoS One 6:e15846.
doi: 10.1371/journal.pone.0015846
Sahin Kaya, S., Mahmood, A., Li, Y., Yavuz, E., and Chopp, M. (1999). Expression
of nestin after traumatic brain injury in rat brain. Brain Res. 840, 153–157.
doi: 10.1016/s0006-8993(99)01757-6
Sanchez, S., Sayas, C. L., Lim, F., Diaz-Nido, J., Avila, J., and Wandosell, F. (2001).
The inhibition of phosphatidylinositol-3-kinase induces neurite retraction and
activates GSK3. J. Neurochem. 78, 468–481. doi: 10.1046/j.1471-4159.2001.
00453.x
Santos, A. M., Calvente, R., Tassi, M., Carrasco, M.-C., Martín-Oliva, D., Marín-
Teva, J. L., et al. (2008). Embryonic and postnatal development of microglial
cells in the mouse retina. J. Comp. Neurol. 506, 224–239. doi: 10.1002/cne.
21538
Sasmono, R. T., Oceandy, D., Pollard, J. W., Tong, W., Pavli, P., Wainwright, B. J.,
et al. (2003). A macrophage colony-stimulating factor receptor-green
fluorescent protein transgene is expressed throughout the mononuclear
phagocyte system of the mouse. Blood 101, 1155–1163. doi: 10.1182/blood-
2002-02-0569
Satelli, A., and Li, S. (2011). Vimentin in cancer and its potential as a
molecular target for cancer therapy. Cell. Mol. Life Sci. 68, 3033–3046. doi: 10.
1007/s00018-011-0735-1
Satoh, J.-I., Tabunoki, H., Ishida, T., Yagishita, S., Jinnai, K., Futamura, N., et al.
(2011). Immunohistochemical characterization of microglia in Nasu-Hakola
disease brains. Neuropathology 31, 363–375. doi: 10.1111/j.1440-1789.2010.
01174.x
Saunders, N. R., Ek, C. J., Habgood, M. D., and Dziegielewska, K. M. (2008).
Barriers in the brain: a renaissance? Trends Neurosci. 31, 279–286. doi: 10.
1016/j.tins.2008.03.003
Sauvageot, C. M., and Stiles, C. D. (2002). Molecular mechanisms controlling
cortical gliogenesis. Curr. Opin. Neurobiol. 12, 244–249. doi: 10.1016/s0959-
4388(02)00322-7
Sawada, M., Suzumura, A., Yamamoto, H., andMarunouchi, T. (1990). Activation
and proliferation of the isolated microglia by colony stimulating factor-1 and
possible involvement of protein kinase C. Brain Res. 509, 119–124. doi: 10.
1016/0006-8993(90)90317-5
Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R.,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an
activity and complement-dependent manner. Neuron 74, 691–705. doi: 10.
1016/j.neuron.2012.03.026
Schafer, D. P., and Stevens, B. (2013). Phagocytic glial cells: Sculpting synaptic
circuits in the developing nervous system. Curr. Opin. Neurobiol. 23,
1034–1040. doi: 10.1016/j.conb.2013.09.012
Schipul, S. E., Keller, T. A., and Just, M. A. (2011). Inter-regional brain
communication and its disturbance in autism. Front. Syst. Neurosci. 5:10.
doi: 10.3389/fnsys.2011.00010
Schmid, C. D., Sautkulis, L. N., Danielson, P. E., Cooper, J., Hasel, K. W.,
Hilbush, B. S., et al. (2002). Heterogeneous expression of the triggering receptor
expressed on myeloid cells-2 on adult murine microglia. J. Neurochem. 83,
1309–1320. doi: 10.1046/j.1471-4159.2002.01243.x
Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N.,
Kierdorf, K., et al. (2012). A lineage of myeloid cells independent of Myb
and hematopoietic stem cells. Science 336, 86–90. doi: 10.1126/science.12
19179
Schwartz, J. P., and Nishiyama, N. (1994). Neurotrophic factor gene expression
in astrocytes during development and following injury. Brain Res. Bull. 35,
403–407. doi: 10.1016/0361-9230(94)90151-1
Schwartz, J. P., Taniwaki, T., Messing, A., and Brenner, M. (1996). Somatostatin as
a trophic factor. Ann. N Y Acad. Sci. 780, 29–35. doi: 10.1111/j.1749-6632.1996.
tb15109.x
Schwarz, J. M., Sholar, P. W., and Bilbo, S. D. (2012). Sex differences in microglial
colonization of the developing rat brain. J. Neurochem. 120, 948–963. doi: 10.
1111/j.1471-4159.2011.07630.x
Scott, A., Powner, M. B., Gandhi, P., Clarkin, C., Gutmann, D. H., Johnson, R. S.,
et al. (2010). Astrocyte-derived vascular endothelial growth factor stabilizes
vessels in the developing retinal vasculature. PLoS One 5:e11863. doi: 10.
1371/journal.pone.0011863
Sedel, F., Béchade, C., Vyas, S., and Triller, A. (2004). Macrophage-
derived tumor necrosis factor alpha, an early developmental signal for
motoneuron death. J. Neurosci. 24, 2236–2246. doi: 10.1523/jneurosci.4464-
03.2004
Shi, S.-H., Jan, L. Y., and Jan, Y.-N. (2003). Hippocampal neuronal polarity
specified by spatially localized mPar3/mPar6 and PI 3-kinase activity. Cell 112,
63–75. doi: 10.1016/s0092-8674(02)01249-7
Shinoda, H., Marini, A. M., Cosi, C., and Schwartz, J. P. (1989). Brain region and
gene specificity of neuropeptide gene expression in cultured astrocytes. Science
245, 415–417. doi: 10.1126/science.2569236
Shrivastava, K., Gonzalez, P., and Acarin, L. (2012). The immune inhibitory
complex CD200/CD200R is developmentally regulated in the mouse brain.
J. Comp. Neurol. 520, 2657–2675. doi: 10.1002/cne.23062
Shute, A. A., Cormier, R. J., Moulder, K. L., Benz, A., Isenberg, K. E.,
Zorumski, C. F., et al. (2005). Astrocytes exert a pro-apoptotic effect on neurons
in postnatal hippocampal cultures. Neuroscience 131, 349–358. doi: 10.1016/j.
neuroscience.2004.11.025
Sierra, A., Encinas, J. M., Deudero, J. J. P., Chancey, J. H., Enikolopov, G.,
Overstreet-Wadiche, L. S., et al. (2010). Microglia shape adult hippocampal
neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7,
483–495. doi: 10.1016/j.stem.2010.08.014
Simard, A. R., and Rivest, S. (2006). Neuroprotective properties of the innate
immune system and bone marrow stem cells in Alzheimer’s disease. Mol.
Psychiatry 11, 327–335. doi: 10.1038/sj.mp.4001809
Skoff, R. P. (1990). Gliogenesis in rat optic nerve: astrocytes are generated
in a single wave before oligodendrocytes. Dev. Biol. 139, 149–168. doi: 10.
1016/0012-1606(90)90285-q
Sofroniew, M. V. (2009). Molecular dissection of reactive astrogliosis and glial scar
formation. Trends Neurosci. 32, 638–647. doi: 10.1016/j.tins.2009.08.002
Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: biology and pathology.
Acta Neuropathol. 119, 7–35. doi: 10.1007/s00401-009-0619-8
Soria, J. M., and Fairén, A. (2000). Cellular mosaics in the rat marginal zone
define an early neocortical territorialization. Cereb. Cortex 10, 400–412. doi: 10.
1093/cercor/10.4.400
Sorokin, S. P., Hoyt, R. F., Blunt, D. G., and McNelly, N. A. (1992). Macrophage
development: II. Early ontogeny of macrophage populations in brain, liver and
lungs of rat embryos as revealed by a lectin marker. Anat. Rec. 232, 527–550.
doi: 10.1002/ar.1092320410
Spohr, T. C. L. D. S. E., Dezonne, R. S., Rehen, S. K., and Gomes, F. C. A.
(2014). LPA-primed astrocytes induce axonal outgrowth of cortical progenitors
by activating PKA signaling pathways and modulating extracellular matrix
proteins. Front. Cell. Neurosci. 8:296. doi: 10.3389/fncel.2014.00296
Squarzoni, P., Oller, G., Hoeffel, G., Pont-Lezica, L., Rostaing, P., Low, D., et al.
(2014). Microglia modulate wiring of the embryonic forebrain. Cell Rep. 8,
1271–1279. doi: 10.1016/j.celrep.2014.07.042
Staquicini, F. I., Dias-Neto, E., Li, J., Snyder, E. Y., Sidman, R. L., Pasqualini, R.,
et al. (2009). Discovery of a functional protein complex of netrin-4, laminin
γ1 chain and integrin α6β1 in mouse neural stem cells. Proc. Natl. Acad. Sci.
U S A 106, 2903–2908. doi: 10.1073/pnas.0813286106
Frontiers in Human Neuroscience | www.frontiersin.org 26 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
State, M. W., and Sˇestan, N. (2012). The emerging biology of autism spectrum
disorders. Science 337, 1301–1303. doi: 10.1126/science.1224989
Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S.,
Nouri, N., et al. (2007). The classical complement cascade mediates
CNS synapse elimination. Cell 131, 1164–1178. doi: 10.1016/j.cell.2007.
10.036
Stone, J., Itin, A., Alon, T., Pe’er, J., Gnessin, H., Chan-Ling, T., et al. (1995).
Development of retinal vasculature is mediated by hypoxia-induced vascular
endothelial growth factor (VEGF) expression by neuroglia. J. Neurosci. 15,
4738–4747.
Streit, W. J. (2001). Microglia and macrophages in the developing CNS.
Neurotoxicology 22, 619–624. doi: 10.1016/s0161-813x(01)00033-x
Suzumura, A., Sawada, M., Yamamoto, H., and Marunouchi, T. (1990). Effects of
colony stimulating factors on isolated microglia in vitro. J. Neuroimmunol. 30,
111–120. doi: 10.1016/0165-5728(90)90094-4
Swinnen, N., Smolders, S., Avila, A., Notelaers, K., Paesen, R., Ameloot, M., et al.
(2013). Complex invasion pattern of the cerebral cortex bymicroglial cells
during development of the mouse embryo. Glia 61, 150–163. doi: 10.1002/glia.
22421
Taft, J. R., Vertes, R. P., and Perry, G.W. (2005). Distribution of GFAP+ astrocytes
in adult and neonatal rat brain. Int. J. Neurosci. 115, 1333–1343. doi: 10.
1080/00207450590934570
Tanaka, J., and Maeda, N. (1996). Microglial ramification requires nondiffusible
factors derived from astrocytes. Exp. Neurol. 137, 367–375. doi: 10.1006/exnr.
1996.0038
Tang, G., Gudsnuk, K., Kuo, S. H., Cotrina, M. L., Rosoklija, G., Sosunov, A., et al.
(2014). Loss of mTOR-dependentmacroautophagy causes autistic-like synaptic
pruning deficits. Neuron 83, 1131–1143. doi: 10.1016/j.neuron.2014.07.040
Taniguchi, H., Gollan, L., Scholl, F. G., Mahadomrongkul, V., Dobler, E.,
Limthong, N., et al. (2007). Silencing of neuroligin function by postsynaptic
neurexins. J. Neurosci. 27, 2815–2824. doi: 10.1523/jneurosci.0032-07.2007
Taylor, D. L., Jones, F., Kubota, E. S. F. C. S., and Pocock, J. M. (2005). Stimulation
of microglial metabotropic glutamate receptor mGlu2 triggers tumor necrosis
factor alpha-induced neurotoxicity in concert with microglial-derived Fas
ligand. J. Neurosci. 25, 2952–2964. doi: 10.1523/jneurosci.4456-04.2005
Thomaidou, D., Mione, M. C., Cavanagh, J. F., and Parnavelas, J. G. (1997).
Apoptosis and its relation to the cell cycle in the developing cerebral cortex.
J. Neurosci. 17, 1075–1085.
Tomasello, E., Desmoulins, P.-O., Chemin, K., Guia, S., Cremer, H., Ortaldo, J.,
et al. (2000). Combined natural killer cell and dendritic cell functional
deficiency in KARAP/DAP12 loss-of-function mutant mice. Immunity 13,
355–364. doi: 10.1016/s1074-7613(00)00035-2
Tomassy, G. S., Morello, N., Calcagno, E., and Giustetto, M. (2014).
Developmental abnormalities of cortical interneurons precede symptoms onset
in a mouse model of Rett syndrome. J. Neurochem. 131, 115–127. doi: 10.
1111/jnc.12803
Tonge, D. A., de Burgh, H. T., Docherty, R., Humphries, M. J., Craig, S. E.,
and Pizzey, J. (2012). Fibronectin supports neurite outgrowth and axonal
regeneration of adult brain neurons in vitro. Brain Res. 1453, 8–16. doi: 10.
1016/j.brainres.2012.03.024
Torres-Platas, S. G., Comeau, S., Rachalski, A., Bo, G. D., Cruceanu, C.,
Turecki, G., et al. (2014). Morphometric characterization of microglial
phenotypes in human cerebral cortex. J. Neuroinflammation 11:12. doi: 10.
1186/1742-2094-11-12
Torres-Vázquez, J., Gitler, A. D., Fraser, S. D., Berk, J. D., Van Pham, N.,
Fishman, M. C., et al. (2004). Semaphorin-plexin signaling guides patterning
of the developing vasculature. Dev. Cell 7, 117–123. doi: 10.1016/j.devcel.2004.
06.008
Tremblay, M.-È., Lecours, C., Samson, L., Sánchez-Zafra, V., and Sierra, A. (2015).
From the Cajal alumni Achúcarro and Río-Hortega to the rediscovery of
never-resting microglia. Front. Neuroanat. 9:45. doi: 10.3389/fnana.2015.00045
Tsai, H.-H., Li, H., Fuentealba, L. C., Molofsky, A. V., Taveira-Marques, R.,
Zhuang, H., et al. (2012). Regional astrocyte allocation regulates CNS
synaptogenesis and repair. Science 337, 358–362. doi: 10.1126/science.
1222381
Tsuchiya, A., Hayashi, T., Deguchi, K., Sehara, Y., Yamashita, T., Zhang, H., et al.
(2007). Expression of netrin-1 and its receptors DCC and neogenin in rat brain
after ischemia. Brain Res. 1159, 1–7. doi: 10.1016/j.brainres.2006.12.096
Ueno, M., Fujita, Y., Tanaka, T., Nakamura, Y., Kikuta, J., Ishii, M., et al.
(2013). Layer V cortical neurons require microglial support for survival
during postnatal development. Nat. Neurosci. 16, 543–551. doi: 10.1038/
nn.3358
Ueno, M., and Yamashita, T. (2014). Bidirectional tuning of microglia in the
developing brain: from neurogenesis to neural circuit formation. Curr. Opin.
Neurobiol. 27, 8–15. doi: 10.1016/j.conb.2014.02.004
Ullian, E. M., Sapperstein, S. K., Christopherson, K. S., and Barres, B. A. (2001).
Control of synapse number by glia. Science 291, 657–661. doi: 10.1126/science.
291.5504.657
Vaca, K., and Wendt, E. (1992). Divergent effects of astroglial and microglial
secretions on neuron growth and survival. Exp. Neurol. 118, 62–72. doi: 10.
1016/0014-4886(92)90023-j
Valentino, K. L., and Jones, E. G. (1982). The early formation of the corpus
callosum: a light and electron microscopic study in foetal and neonatal rats.
J. Neurocytol. 11, 583–609. doi: 10.1007/bf01262426
Valero, J., Paris, I., and Sierra, A. (2016). Lifestyle shapes the dialog between
environment, microglia and adult neurogenesis. ACS Chem. Neurosci. 7,
442–453. doi: 10.1021/acschemneuro.6b00009
Vallières, L., Campbell, I. L., Gage, F. H., and Sawchenko, P. E. (2002). Reduced
hippocampal neurogenesis in adult transgenic mice with chronic astrocytic
production of interleukin-6. J. Neurosci. 22, 486–492.
van Spronsen, M., and Hoogenraad, C. C. (2010). Synapse pathology in psychiatric
and neurologic disease. Curr. Neurol. Neurosci. Rep. 10, 207–214. doi: 10.
1007/s11910-010-0104-8
Van Wagoner, N. J., and Benveniste, E. N. (1999). Interleukin-6 expression and
regulation in astrocytes. J. Neuroimmunol. 100, 124–139. doi: 10.1016/s0165-
5728(99)00187-3
Vasudevan, A., and Bhide, P. G. (2008). Angiogenesis in the embryonic CNS:
a new twist on an old tale. Cell Adh. Migr. 2, 167–169. doi: 10.4161/cam.2.
3.6485
Vasudevan, A., Long, J. E., Crandall, J. E., Rubenstein, J. L. R., and Bhide, P. G.
(2008). Compartment-specific transcription factors orchestrate angiogenesis
gradients in the embryonic brain. Nat. Neurosci. 11, 429–439. doi: 10.
1038/nn2074
Verkhratsky, A., Parpura, V., Pekna, M., Pekny, M., and Sofroniew, M. (2014).
Glia in the pathogenesis of neurodegenerative diseases. Biochem. Soc. Trans.
42, 1291–1301. doi: 10.1042/BST20140107
Verloes, A., Maquet, P., Sadzot, B., Vivario, M., Thiry, A., and Franck, G.
(1997). Nasu-Hakola syndrome: polycystic lipomembranous osteodysplasia
with sclerosing leucoencephalopathy and presenile dementia. J. Med. Genet. 34,
753–757. doi: 10.1136/jmg.34.9.753
Verney, C., Monier, A., Fallet-Bianco, C., and Gressens, P. (2010). Early
microglial colonization of the human forebrain and possible involvement in
periventricular white-matter injury of preterm infants. J. Anat. 217, 436–448.
doi: 10.1111/j.1469-7580.2010.01245.x
Virchow, R. (1858). Die Cellularpathologie in ihrer Begründung auf Physiologische
und Pathologische Gewebelehre. Berlin: Hirschwald.
Voigt, T. (1989). Development of glial cells in the cerebral wall of ferrets: direct
tracing of their transformation from radial glia into astrocytes. Neurology 289,
74–88. doi: 10.1002/cne.902890106
Voineagu, I., Wang, X., Johnston, P., Lowe, J. K., Tian, Y., Horvath, S.,
et al. (2011). Transcriptomic analysis of autistic brain reveals convergent
molecular pathology. Nature 474, 380–384. doi: 10.1038/nature
10110
Wakselman, S., Béchade, C., Roumier, A., Bernard, D., Triller, A., and Bessis, A.
(2008). Developmental neuronal death in hippocampus requires the microglial
CD11b integrin and DAP12 immunoreceptor. J. Neurosci. 28, 8138–8143.
doi: 10.1523/jneurosci.1006-08.2008
Walton, N. M., Sutter, B. M., Laywell, E. D., Levkoff, L. H., Kearns, S. M.,
Marshall, G. P., et al. (2006). Microglia instruct subventricular zone
neurogenesis. Glia 54, 815–825. doi: 10.1002/glia.20419
Walz, W. (2000). Controversy surrounding the existence of discrete functional
classes of astrocytes in adult gray matter. Glia 31, 95–103. doi: 10.1002/1098-
1136(200008)31:2<95::AID-GLIA10>3.0.CO;2-6
Walz, W., and Lang, M. K. (1998). Immunocytochemical evidence for
a distinct GFAP-negative subpopulation of astrocytes in the adult rat
hippocampus. Neurosci. Lett. 257, 127–130. doi: 10.1016/s0304-3940(98)
00813-1
Frontiers in Human Neuroscience | www.frontiersin.org 27 November 2016 | Volume 10 | Article 566
Reemst et al. Glial Functions during Brain Development
Wang, X., Lou, N., Xu, Q., Tian, G.-F., Peng, W. G., Han, X., et al. (2006).
Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo.Nat. Neurosci.
9, 816–823. doi: 10.1038/nn1703
Wang, J., Wegener, J. E., Huang, T.-W., Sripathy, S., De Jesus-Cortes, H., Xu, P.,
et al. (2015). Wild-type microglia do not reverse pathology in mouse models of
Rett syndrome. Nature 521, E1–E4. doi: 10.1038/nature14444
Wang, X.-J., Ye, M., Zhang, Y.-H., and Chen, S.-D. (2007). CD200-CD200R
regulation of microglia activation in the pathogenesis of Parkinson’s disease.
J. Neuroimmune Pharmacol. 2, 259–264. doi: 10.1007/s11481-007-9075-1
Washbourne, P. (2015). Synapse assembly and neurodevelopmental disorders.
Neuropsychopharmacology 40, 4–15. doi: 10.1038/npp.2014.163
Webster, S. D., Park, M., Fonseca, M. I., and Tenner, A. J. (2000). Structural and
functional evidence for microglial expression of C1qR(P), the C1q receptor that
enhances phagocytosis. J. Leukoc. Biol. 67, 109–116.
Weidemann, A., Krohne, T. U., Aguilar, E., Kurihara, T., Takeda, N., Dorrell, M. I.,
et al. (2010). Astrocyte hypoxic response is essential for pathological but not
developmental angiogenesis of the retina.Glia 58, 1177–1185. doi: 10.1002/glia.
20997
Weissman, T. (2003). Neurogenic radial glial cells in reptile, rodent and human:
from mitosis to migration. Cereb. Cortex 13, 550–559. doi: 10.1093/cercor/13.
6.550
Wetherington, J., Serrano, G., and Dingledine, R. (2008). Astrocytes in the
epileptic brain. Neuron 58, 168–178. doi: 10.1016/j.neuron.2008.04.002
Wiencken-Barger, A. E., Djukic, B., Casper, K. B., and McCarthy, K. D. (2007).
A role for Connexin43 during neurodevelopment. Glia 55, 675–686. doi: 10.
1002/glia.20484
Wohl, S. G., Schmeer, C. W., Friese, T., Witte, O. W., and Isenmann, S.
(2011). In situ dividing and phagocytosing retinal microglia express nestin,
vimentin and NG2 in vivo. PLoS One 6:e22408. doi: 10.1371/journal.pone.00
22408
Xia,M., Abazyan, S., Jouroukhin, Y., and Pletnikov,M. (2016). Behavioral sequelae
of astrocyte dysfunction: focus on animal models of schizophrenia. Schizophr.
Res. 176, 72–82. doi: 10.1016/j.schres.2014.10.044
Xu, J., Wang, T., Wu, Y., Jin, W., and Wen, Z. (2016). Microglia colonization
of developing zebrafish midbrain is promoted by apoptotic neuron and
lysophosphatidylcholine. Dev. Cell 38, 214–222. doi: 10.1016/j.devcel.2016.
06.018
Yang, Y., Higashimori, H., and Morel, L. (2013). Developmental maturation of
astrocytes and pathogenesis of neurodevelopmental disorders. J. Neurodev.
Disord. 5:22. doi: 10.1186/1866-1955-5-22
Yeo, W., and Gautier, J. (2004). Early neural cell death: dying to become neurons.
Dev. Biol. 274, 233–244. doi: 10.1016/j.ydbio.2004.07.026
Yokoyama, A., Yang, L., Itoh, S., Mori, K., and Tanaka, J. (2004). Microglia, a
potential source of neurons, astrocytes and oligodendrocytes. Glia 45, 96–104.
doi: 10.1002/glia.10306
Zhang, S. C. (2001). Defining glial cells during CNS development. Nat. Rev.
Neurosci. 2, 840–843. doi: 10.1038/35097593
Zhang, Y., and Barres, B. A. (2010). Astrocyte heterogeneity: an underappreciated
topic in neurobiology. Curr. Opin. Neurobiol. 20, 588–594. doi: 10.1016/j.conb.
2010.06.005
Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., et al.
(2014). Deficient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat. Neurosci. 17, 400–406. doi: 10.
1038/nn.3641
Zhao, S., Chai, X., and Frotscher, M. (2007). Balance between neurogenesis and
gliogenesis in the adult hippocampus: role for reelin. Dev. Neurosci. 29, 84–90.
doi: 10.1159/000096213
Zhou, M., Schools, G. P., and Kimelberg, H. K. (2006). Development of GLAST+
astrocytes and NG2+ glia in rat hippocampus CA1: mature astrocytes are
electrophysiologically passive. J. Neurophysiol. 95, 134–143. doi: 10.1152/jn.
00570.2005
Zoghbi, H. Y. (2003). Postnatal neurodevelopmental disorders: meeting at the
synapse? Science 302, 826–830. doi: 10.1126/science.1089071
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Reemst, Noctor, Lucassen and Hol. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience | www.frontiersin.org 28 November 2016 | Volume 10 | Article 566
